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Abstract 
Nanofiltration (NF) is a pressure-driven membrane-based solution treatment technology, similar 
to reverse osmosis (RO). The niche set of applications for NF includes those requiring selectivity 
between monovalent ions and multivalent ions. Incoming streams to be treated can occur over a 
wide range of temperature, usually between 20-100oC. The advantage of operating NF at higher 
temperatures is increased water recovery, while the key drawback is diminished salt retention. 
Although the change of these performance metrics is widely reported in literature, few sources 
explain the causative mechanisms. Temperature-variation of the mobilities of both solute and 
solvent species, the solute diffusivity and solvent viscosity are well-studied and are used to explain 
changes in transport through the membrane in most literature. However, NF membranes are 
defined by several structural and charge-based properties, which are likely to be affected by 
temperature. This thesis elucidates the effect of individual membrane properties and mobilities on 
NF permeate quality, and finally compares sets of parameters on the extent to which they explain 
the change in NF selectivity with temperature change. Modeling results show that neither 
membrane parameter changes nor mobilities can alone explain selectivity changes with 
temperature. With increasing pressure, however, the net effect of membrane parameters 
increasingly overshadows that of the mobilities.   
 
As mentioned previously, NF is used particularly for monovalent-multivalent ion separations. The 
study of ‘fractionation,’ involving separation of sodium-chloride from sodium-sulfate is one such 
application, and is often conducted between 20-50oC. Previous studies do not indicate whether 
selectivity between the charged species improves or deteriorates at higher temperature. In this 
thesis, a selectivity metric, M, is introduced and an analytical framework is established to explain 
its variation with temperature variation, as well as other membrane and operating parameters. The 
conclusion is that selectivity decreases at higher temperature, which can be mitigated by design-
focus on enhanced charge acquirement by the membrane at elevated temperature.  
 
The final segment of this work introduces a common modeling framework for pressure-driven (NF 
and RO) and osmotically driven membrane processes (forward osmosis, FO) to identify both 
similarities and dissimilarities in salt transport mechanisms. RO and FO membranes are 
traditionally considered non-porous membranes, while NF membranes are known to possess 
nanometer-sized pores. However, experimental and spectroscopy results in the past decade report 
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detection of pores in RO and FO membranes. The modeling results in this thesis show that all three 
membranes can be modeled as porous, the key distinction being that the pressurized modes allow 
salt-water transport coupling.  
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1. Introduction 
 
 
 
Nanofiltration (NF) membranes evolved from reverse osmosis (RO), initially called ‘loose RO 
membranes’. Its niche set of applications comprises those where selectivity between monovalent 
and multivalent ions is required (1,2). While the extremely small pore size in RO allows almost 
100% removal of solute species, the nanometer-size pores in NF allows passage of various solutes 
to be determined by a combination of various factors (3). These factors are broadly of two kinds: 
membrane parameters and species mobilities (4). Membrane parameters either define geometric 
aspects of the passages through the membrane, such as pore size or effective path length, or charge-
acquirement by the membrane material. The ion diffusivity and water viscosity together constitute 
the ‘mobility’ factors and indicate the species’ motion rate. NF feed solutions can occur over a 
wide range of temperature, for example seasonal variations cause gulf seawater temperatures 
between 20-40oC (5,6), while industrial effluent such as that from battery production and 
electroplating effluent ranges between 25-40oC and 30-50oC respectively (7,8).  
Despite the relevance of temperature variation to NF operation, relatively few works have been 
devoted to understanding what performance-determining factors change with temperature and 
which of these changes have the greatest impact on NF permeate quality. Since the mobility factors 
are well-studied, NF studies usually make qualitative references to these to explain the effect of 
temperature on performance (9,10). Given the several membrane parameters significant for NF, 
the variations of these parameters with temperature and the resulting effect on salt removal and 
selectivity deserve attention. This thesis investigates this aspect of NF performance, the primary 
23 
 
question being: how does the net effect of membrane parameter change on NF permeate quality 
with temperature variation with that of the mobility factors. Chapter 2 and 3 study the variation of 
solute transport mechanisms with temperature, and the role of various parameters on permeate 
quality change with temperature respectively.  Chapter 4 focuses on the change in monovalent-
multivalent species selectivity with temperature, using an analytical framework to derive and 
explain general trends.  
In chapter 5, the modeling capability for NF used in the previous parts of the thesis are extended 
to RO and forward osmosis (FO) to answer the question: can RO and FO be modeled as porous 
membranes? This question is motivated by the recent experimental evidence that free volume 
exists in these membranes and affect the species transport through the membrane (11,12). The 
pursuit of this question challenges conventional understanding held over several decades that RO 
and FO membranes are non-porous and species transport is purely diffusive (13–16). However, 
the work presented on this topic comes alongside others published in recent years that indicate 
either experimental evidence of pores or molecular dynamics describing species transport through 
free volume in RO and FO membranes. Finally, chapter 6 provides insight on the role of NF in 
improving energetic efficiency of seawater desalination plants. Results from this chapter show that 
NF allows the top brine temperature in Multi-Stage-Flash (MSF) distillation to increase from the 
conventional value of 120oC to 160oC, thereby increasing the energetic efficiency, measured by 
performance ratio (PR), by ~41%. 
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2. Effect of Temperature on Solute Transport in 
Nanofiltration 
 
2.1. Introduction 
 
2.1.1. Significance of Nanofiltration for elevated feed temperatures  
In a world where water-scarcity is a burgeoning issue, methods of water-treatment and reuse that 
are economic and minimize energy consumption are of vital importance for the safekeeping of the 
environment. Nanofiltration (NF) is a pressure driven membrane-based desalination technique. 
The pore sizes of NF membranes are between that of reverse osmosis (RO) and ultrafiltration (UF) 
membranes (17–20). NF has the unique capability to preferentially remove multivalent ions (1,21). 
In several applications, water temperature varies from point-to-point in the treatment plant or 
changes over time. For example, NF-MSF (nanofiltration with multistage flash) and NF-MSF-RO 
(nanofiltration with multistage flash and reverse osmosis), are widely studied applications of NF 
in hybrid with thermal desalination systems where feed (seawater or brackish water) temperature 
changes over the year and the performance of the nanofiltration membrane changes noticeably 
with temperature (22). Nanofiltration also has other high temperature applications: in the textile 
industry, water used for bleaching and dyeing may reach temperatures up to 90oC; in the pulp and 
paper industry, the water temperature is often above 60oC (10). Water temperature is usually 
reduced before membrane treatment. This practice requires expenditure on heat exchangers and 
also creates energy costs due to the inefficiencies of the heat exchangers (23). Thus, by designing 
NF membranes for optimal performance at above ambient temperature, capital costs and energy 
consumption in heat-exchangers, dependence on other energy-intensive water-treatment methods 
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such as RO, and the use of chemical additives to remove scale-forming ions can be reduced 
significantly (24). Detailed modeling of nanofiltration (NF) with variation in feed temperature is 
necessary to achieve this, as the rejection of undesired components can vary significantly as a 
result of changing temperature. 
2.1.2. The DSPM-DE model of Nanofiltration 
This work uses the Donnan Steric Pore Model with Dielectric Exclusion (DSPM-DE) to analyze 
the temperature dependence of nanofiltration. This model has been used widely into recent times 
to model and explain nanofiltration performance using a variety of feed solutions with success(25–
28). DSPM-DE is a comprehensive model for nanofiltration. As the name suggests, the model 
provides information regarding the magnitudes of the different modes of solute exclusion 
occurring at the membrane-solution interfaces, namely steric exclusion (size-based exclusion at 
the pore opening), Donnan effect (repulsion or attraction effect due to membrane potential) and 
dielectric exclusion (resistance to the solute entering the membrane pores due to an energy barrier 
associated with shedding of the solute hydration shell in order to enter the pore) (3,29,30). The 
model uses the Nernst-Planck equation to describe solute transport through the membrane and 
hence provides information on the individual modes of transport within the membrane, namely 
diffusion (movement of solute down a concentration gradient), convection (solute transported by 
bulk fluid motion) and electro-migration (ion movement due to the membrane potential gradient). 
As inputs to this model, the membrane is characterized by certain structural parameters (pore 
radius and effective active layer thickness) and electrical parameters (membrane charge and pore 
dielectric constant) (3,31). These nanofiltration membrane properties are affected by experimental 
conditions such as feed composition, pH, concentration and temperature (32,33). An understanding 
of how membrane properties affect the modes of solute exclusion and solute transport for different 
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solutes is important in order to gain intuition about nanofiltration. Such understanding will 
ultimately allow one to gain intuition of how experimental conditions such as temperature affect 
rejection and solvent flux characteristics of nanofiltration membranes.  
2.1.3. Conventional understanding of the effect of temperature on 
Nanofiltration 
Usually, water flux through nanofiltration membranes increases with increase in temperature, 
while uncharged solute rejection reduces with increase in temperature and the variation of charged 
solute rejection with temperature depends on the ion and the membrane used. Although 
experimental evidence for these observations is abundant in literature, the understanding of how 
the membrane itself changes and related modeling work is missing in literature. For instance, from 
the study of Manttari et al.(10) on the nanofiltration of glucose and pulp mill effluent over a 
temperature range of 25oC to 65oC using several different membranes, the authors found that the 
rejection of uncharged solutes decreased by ~20% from 20oC to 55oC and the overall rejection of 
the ionic species remained almost unchanged (at ~90%) over the same range of temperature. 
Schaep et al.(9) experimentally studied the nanofiltration of ground water using the UTC-20 NF 
membrane over a temperature range of 10oC to 30oC and found that water flux at 30oC is 1.5 times 
that at 10oC.  In their study, the rejection of monovalent ions (sodium, chloride and potassium) 
decreased significantly over the given range of temperature, while the rejection of divalent ions 
(calcium, magnesium and sulfate) was barely affected by temperature, showing only a slight 
increase with increase in temperature (9). In another study by Nilsson et al. (34), the Alfa Laval 
NFT-50 nanofiltration membrane was used over a temperature range of 20oC-50oC keeping solvent 
flux constant, and the results showed that the rejection ratio of potassium-chloride decreased less 
noticeably than that of glucose. While Schaep et al. (9) interpret the observed changes in ion 
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passage with temperature based on the increase in solute diffusivity with temperature, Nilsson et 
al. (34) justify their observations based on membrane charge effects.  
Although there is abundant literature on nanofiltration of charged solutes at different temperatures, 
to the best of the authors’ knowledge, none of them attempt to fit parameters as a function of 
temperature with respect to the DSPM-DE model, taking into consideration change in membrane 
charge and pore dielectric constant. Nilsson et al. (34)mention that there is no significant change 
in the isoelectric point of the Alfa Laval NFT-50 membrane with variation of temperature, hence 
indicating that the membrane charge properties are not greatly affected by temperature. However, 
it is unclear whether this is a general trend for all membranes without the relevant data from other 
membranes. Furthermore, as seen in the work of Schaep et al. (9), the rejection ratio of certain ions 
shows dramatic change with temperature, and it is questionable whether that is simply a result of 
a change in ion diffusivity as a function of temperature, as mentioned by the authors, or of changes 
in membrane charge and pore dielectric constant also. 
 Knowledge of the extent to which each of the quantities (solvent viscosity, solute diffusivity, 
membrane structural and electrical parameters) are affected by temperature and the resulting effect 
they have on ion passage would allow one to explain the experimental results with certainty. The 
work of Amar et al. (22) concludes that it is not sufficient to consider only the change in solvent 
viscosity and solute diffusivity in order to explain the increased water flux and reduced rejection 
of uncharged solutes with increase in temperature and that the change in membrane structural 
parameters with temperature are essential to correctly explain how nanofiltration of uncharged 
solutes is affected by temperature. However, their work is restricted by its applicability to only 
uncharged solutes. 
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2.1.4. Aims of this study 
In this work, the effect of temperature on nanofiltration membrane properties and the resulting 
effect on ion and solvent transport through the membrane are studied, using three different feed 
compositions.  The DSPM-DE model is used to model nanofiltration of charged solutes at different 
temperatures. The objective is to not only observe the resulting change in membrane performance 
but to gain intuition on how ions of different valence, size and diffusivity are affected differently 
by temperature.  
2.2. Governing Equations 
2.2.1. Historical development of the DSPM-DE model 
 As mentioned earlier, the model used for this study is the Donnan Steric Pore Model with 
dielectric exclusion (DSPM-DE). Despite its complexity, the model’s thoroughness has made it 
become widely used for modeling nanofiltration, and it has been used successfully in the literature 
to model experimental membrane performance (3,31,33). This model evolved from the hindered 
transport theory of uncharged solutes in pores introduced by Anderson et al. in 1974 (35,36), which  
was later extended for ionic species by including the electrochemical potential gradient in the 
solute transport equation, leading to electrokinetic models that use the extended Nernst-Planck 
equation (e.g. the Space-charge model and TMS models) (37,38). One such model was the DSPM 
(Donnan-Steric Pore Model) introduced by Bowen et al. (39) in the late 1990s and it was the 
precursor of the DSPM-DE model. The DSPM considered only the steric and Donnan exclusion 
mechanisms. This model quickly became popular and was successful in modeling nanofiltration 
of a wide variety of solutions, even those consisting of multivalent co-ions (ions with the same 
charge as the membrane) (29,30). However, its major drawback was in its failure to model 
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experiments with multivalent counter-ions. This failure was attributed to the deficiency of the 
exclusion mechanisms considered. The DSPM-DE model includes an additional exclusion 
mechanism, known as dielectric exclusion which allowed researchers to overcome the difficulties 
in modeling multivalent counter-ions (29).  
However, the concept of dielectric exclusion and the mechanism by which it works has been 
widely debated over the years. Some authors suggest that the Donnan exclusion mechanism is 
sufficient to explain rejection of ions, including counter-ions. For example, Higa et al. (40) showed 
that a solution with Ca2+, K+ and Cl- ions passing through a negatively charged membrane can be 
modeled successfully by considering only Donnan exclusion. Other authors have found Donnan 
exclusion to be insufficient in modeling nanofiltration, as mentioned previously while discussing 
the transition of the DSPM to DSPM-DE. Evidence from molecular dynamics simulation of 
membranes with nanopores, however, describes dielectric exclusion as an undeniable phenomenon 
(41,42). Yaroshchuk et al. (43) further mention that the dielectric exclusion is a ‘universal 
phenomenon’ and should be considered alongside steric and Donnan exclusion. Bandini et al. (30) 
mention two mechanisms for dielectric exclusion by nanofiltration membranes: image forces and 
the Born effect. However according to Bowen et al. (3), in nanofiltration, the Born effect of 
dielectric exclusion is more dominant than the effect of image charges that develop at the interface 
of the membrane and bulk solution. This is because the small pores in nanofiltration membranes 
cause the intra-pore dielectric constant of the solvent to be almost equal to that of the membrane 
material itself. Furthermore, the image charges are screened by electric double layers in electrolyte 
solutions(3). The DSPM-DE model in the form introduced by Bowen and Welfoot (3) has been 
used successfully by several authors, including in recent years for a variety of feed compositions 
(27,28,44).  In reference (3), Bowen and Welfoot successfully implemented the DSPM-DE model 
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for the same membrane considered in the current work (Desal5DK) accounting for only the Born 
mechanism of dielectric exclusion for sodium-chloride and magnesium-chloride. In their study, 
they also showed experimental results over the same range of feed concentration considered in the 
current work, which justifies the use of this model for the simulations here.               
In the current work the DSPM-DE model equations are implemented using MATLAB vR2015b 
following the approach by Geraldes et al. (29), in which only the Born effect on dielectric exclusion 
is incorporated  (as per the formulation in (3)). This effect is described in detail in section 2.4.4. 
The DSPM-DE model in this form has been well validated with lab-scale experiments (29,33). In 
this model, the membrane is characterized by structural parameters (effective pore radius and 
active layer thickness) and electrical parameters (membrane charge and pore dielectric constant). 
The inclusion of the dielectric exclusion mechanism in addition to Donnan exclusion and steric 
exclusion for the current study allows the work to be broad and include all important effects 
determining solute transport through a nanofiltration membrane with temperature change. 
2.2.2. Governing equation for solute flux 
The solute flux through the membrane is governed by the Extended Nernst-Planck equation (ENP). 
For each solute 'i', the ENP equation is given by Eq. (2-1) (25) . 
𝐽q,.IJ8 = −𝐷q,.IJ8 𝑑𝐶q,.IJ8𝑑𝑥 − 𝑧q𝐶q,.IJ8𝐷q,.IJ8𝑅𝑇 𝐹 𝑑𝜓𝑑𝑥 + 𝐾q,:𝐶q,.IJ8𝐽7 (2-1) 
where 𝐽q,.IJ8	is the solute flux of the species ‘i’, consisting of the diffusive, electromigrative and 
convective terms respectively, in the order they appear in the equation. 𝐷q,.IJ8  , 𝐶q,.IJ8 and 𝑧q are 
the intra-pore diffusion coefficient, concentration and valence respectively of species 𝑖 ,	 𝐽7is the 
water flux through the membrane, 𝜓 is the membrane potential. Due to the extremely small pore 
sizes in nanofiltration membranes, the ‘hindered transport theory’ is used and thus the terms of the 
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ENP are modified by hindrance factors 𝐾q,: (for the convective term) and 𝐾q,; (that multiplies the 
bulk diffusivity) to give the diffusivity in the pore, as found in the diffusive and electromigrative 
terms. Thus 𝐷q,.IJ8 = 𝐾q,;𝐷q,u. Both these factors are functions of the ratio of the solute radius to 
pore radius, 𝜆q (25). The model treats the pores as perfectly cylindrical and the solutes as perfect 
hard spheres. Figure 2-1 schematically describes each of the modes of solute transport considered 
in the Extended Nernst-Planck equation. The diffusive term exists due to the concentration 
gradient of each species within the membrane, while the convective term is the transport of the 
solute as a result of ‘being carried’ by the solvent through membrane pores. The electromigrative 
term is a result of the gradient of membrane potential through the membrane. The membrane 
potential is an electrostatic potential that develops to balance ionic fluxes and maintain quasi-
electroneutrality within the membrane (29). 
  
32 
 
 
Figure 2-1. Schematic representation of solute transport mechanisms in the current model 
described by the Extended Nernst-Planck (ENP) equation, which is a component of the Donnan 
Steric Pore model with Dielectric Exclusion (DSPM-DE). 
 
2.2.3. Equilibrium boundary conditions on membrane-solution 
interfaces due to solute exclusion mechanisms 
At the membrane-feed solution interface, the equilibrium boundary condition is established due to 
the combination of the three exclusion mechanisms considered in the DSPM-DE model: the steric 
exclusion, dielectric exclusion (due to the Born effect, which accounts for the solvation energy 
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barrier for the ion to enter the pore, cf. section 2.4.4.) and Donnan exclusion.  These mechanisms 
are represented schematically in Fig. 2-2. 
 
Figure 2-2. Schematic representation of solute exclusion mechanisms in nanofiltration as per the 
Donnan Steric Pore Model with Dielectric Exclusion (DSPM-DE). 
Mathematically, these effects are described by Eq. 2-2: 
 
vw,xyz{lw,xyz{vw,|lw,| = ΦqΦ} 𝑒𝑥𝑝 ~− w 𝜓o,qG	
 
(2-2) 
where 𝐶q,.IJ8  is the solute concentration just within the pore 'entrance'; 𝐶q,is the feed 
concentration at the membrane-feed solution interface; and 𝛾q,, 𝛾q,.IJ8 , are solute i's activity 
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coefficients at the membrane-feed solution interface and just within the pore entrance respectively 
(calculated by the Davies equation ). Φq,Φare the steric partitioning factor and Born solvation 
partitioning factor, respectively, which represent the extent of exclusion experienced by the ion 
due to these effects. These two partitioning factors are numbers smaller than unity such that a 
smaller value indicates higher exclusion. The effect of the partitioning factors is evident from the 
left hand side of Eq. 2-3, which indicates that a smaller value of Φq or Φ causes a reduction of 
the ratio between solute concentration within the membrane pore (𝐶q,.IJ8) to the concentration 
immediately outside the membrane (𝐶q,, due to concentration polarization). The term 𝜓o,	 is the 
Donnan potential on the feed side, defined as the potential difference between the point just within 
the pore entrance and the solution (at the feed-membrane interface). The expressions for the steric 
partitioning factor, the Born solvation partitioning factor and the two hindrance factors are given 
in (Roy, Sharqawy, & Lienhard, 2015) and used in the present model.   
Similarly, the boundary condition on the permeate side (i.e. at the membrane-permeate interface) 
is given by: 
  
vw,xyz{lw,xyz{vw,xlw,x = ΦqΦ} 𝑒𝑥𝑝 ~− w 𝜓o,.IH (2-3) 
where 𝐶q,.IJ8is now the concentration at the pore exit (just within the membrane) and 𝐶q,. is the 
permeate concentration, just outside the membrane; 𝜓o,.	is the Donnan potential difference 
between these two points. 
Equations (2-2) and (2-3) state that the ratio of concentrations just within the membrane and 
that at the membrane-feed/permeate solution is governed by the steric, dielectric and Donnan 
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exclusion effects.  Figure 2-2 schematically explains each of the exclusion mechanisms considered 
in the DSPM-DE model. 
2.2.4. Electroneutrality conditions 
Within each domain considered in the model, i.e. the bulk feed solution, the concentration 
polarization boundary layer (membrane-feed interface), the membrane, and the permeate solution, 
there can be no net charge (the electroneutrality condition). Within the membrane, the 
electroneutrality condition is described as: 
𝑧q𝐶q,.IJ8 = −𝐶-q  (2-4) 
where 𝑁:	is the number of species/components in the mixture, is the valence of the species  
and 𝐶-is the volumetric charge density of the membrane. Similar electroneutrality equations can 
be written for the bulk feed, membrane-feed interface and permeate by using the relevant 
concentration and setting the volumetric charge density to zero, since no net charge is present at 
any point outside the membrane. 
2.2.5. Solvent flux 
As described by Bowen et al. (3) and Wang et al. (37), the flow of water through the membrane 
has been successfully modeled by a creeping laminar flow in the form of the Hagen-Poiseuille 
equation. Therefore, the transmembrane solvent flux 𝐽7as a function of membrane structural 
parameters and net driving pressure is given by: 
iz i
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𝐽7 = Δ𝑃G8H  𝑟.IJ88𝜈𝜌7 ~Δ𝑥𝐴 (2-5) 
where is the membrane pore radius and Δ𝑥 𝐴  is the effective active layer thickness, taking 
into account membrane porosity 𝐴. The fluid properties used in the expression are 𝜈, the 
kinematic viscosity of the solvent and 𝜌7, the density of the solvent. Δ𝑃G8H is the net pressure 
across the membrane, which is the hydraulic pressure applied, minus the osmotic pressure 
difference across the membrane. 
Figure 2-3 illustrates how the exclusion mechanisms come together to influence the concentration 
profile across the membrane. A nanofiltration membrane with either positive or negative 
membrane volumetric charge density is shown. The feed side is pressurized so that water flux and 
solute flux both go from the feed to the permeate side. Cross-flow velocity over the membrane is 
assumed to be high enough so that no concentration polarization occurs. Concentration jumps from 
the feed value to that within the membrane on the feed side due to the feed side partitioning effect 
(cf. Eq. 2-2). A similar effect is seen on the permeate side (cf. Eq. 2-3). The partitioning results 
from a combination of the steric, dielectric and Donnan exclusion effects, as mentioned earlier. 
The ion with charge opposite to that of the membrane (membrane counter-ion) is in greater 
abundance inside the membrane, as shown by the green concentration profile, whereas the 
membrane co-ion is less abundant and is represented by the blue concentration profile. The 
concentration profiles shown in this diagram represent only the simple case of a binary 1:1 salt, 
i.e. a salt with one cation and one anion of equal and opposite valence. Thus, in order to maintain 
electroneutrality, the concentrations of both ions at any point outside the membrane have to be 
equal to each other whereas within the membrane, the electroneutrality condition is satisfied by 
porer
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including the membrane charge density (cf. Eq. 2-4), thereby resulting in membrane counter-ion 
concentration to be larger than that of the co-ion inside the membrane. In most cases described 
subsequently, the rejection ratio is positive and the permeate concentration is less than that of the 
feed side. 
 
 
Figure 2-3. Concentration profiles of ions from a binary 1:1 salt through the membrane 
thickness in a nanofiltration membrane 
2.3. Validation 
In this study, the membrane structural parameter values at different temperatures are taken from 
experimental work by Amar et al. (Amar, Saidani, Deratani, & Palmeri, 2007) (cf. Appendix A). 
Those authors fit membrane pore radius and effective active layer thickness of the Desal5DK 
membrane at different temperatures using the hindered transport theory, assuming the solute 
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particles are hard spheres travelling through cylindrical pores. They obtain the effective pore size 
for the membrane at each temperature by taking the average fitted value from a number of 
uncharged solutes at those temperatures in the limit of high Péclet number where the rejection 
versus solvent flux plot plateaus. They provide the effective membrane thickness individually for 
each solute. Their work assumes that no concentration polarization occurs in the system. As 
mentioned previously, the model used for the present study is also based on the hindered transport 
theory, and so the fitting parameters obtained by Amar et al. (22) are expected to work well in the 
present work.  
Figure 2-4 shows the experimental data from Amar et al. (22) along with results from the current 
model for arabinose, at the three temperatures to be considered in this study, 22oC, 40oC and 50oC. 
In the model used for this work, equations 2-1 to 2-3 described above are discretized as shown in 
(29) and solved numerically using MATLAB (version R2015b). The difference between the 
experimental data and the modeling results are below 5% in most cases, except for the two data 
points at the lowest values of solvent flux at 40oC and 50oC. This is, however, in accordance to the 
modeling by Amar et al. (22)as can be seen in Fig. 12 in their paper, which shows the comparison 
between experimental data and their modeling when changes in all four modeling components 
required for uncharged solutes (two membrane structural parameters, solvent viscosity and solute 
diffusivity) with temperature are taken into account. The better agreement between modeling and 
experiment at higher values of water flux (and correspondingly higher Péclet number) both in the 
work of Amar et al. (22)and in this work is not surprising given that the fitting was done in the 
range of high Péclet number, as mentioned earlier. It is common practice to use membrane 
structural parameters obtained from fitting with respect to uncharged solute data for modeling 
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solutions containing charged solutes. Membrane charge and pore dielectric constant are then fitted 
in order to model nanofiltration of charged solutes accurately (33). 
 
  
  
Figure 2-4. Validation of current DSPM-DE modeling with experimental NF data of Amar et al. 
(Amar, Saidani, Deratani, & Palmeri, 2007) 
 
The objective of this paper is to explain the changes in ion transport through the Desal5DK 
membrane at different temperatures by taking into account the temperature dependence of all four 
membrane parameters as well as the change in solvent viscosity and solute diffusivity. Since the 
exact change of membrane charge for the Desal5DK membrane with respect to temperature is not 
currently known, a parametric study will be done with respect to this quantity, hence providing 
insight into a wide range of possible cases. An analytical expression for the pore dielectric 
constant, described in detail in a later section, will be used to estimate this quantity as a function 
of temperature. 
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2.4. Results and Discussion 
In this section, solute transport mechanisms for sodium-chloride, magnesium-chloride and 
seawater ions at different temperatures are analyzed. Results are presented and discussed for 3 
temperatures (22oC, 40oC and 50oC) for conciseness and simplicity. In the supplementary 
information section, results for 30oC in addition to the 3 temperatures described here are presented 
to show that the trends with temperature described in the current paper hold through the entire 
temperature range from 22-50oC. 
2.4.1. Property variation at higher temperature 
The principal new methodology applied in this work is the use of the DSPM-DE to conditions with 
increasing temperature. At higher temperature, numerous input variables for the model change. A 
summary of these parameters is given in table 1. To the best of the current authors’ knowledge, 
this work is the first to consider the variation of these properties to the DPM-DE model for NF. 
The membrane structural parameters (𝑟.IJ8 and Δ𝑥 𝐴 ) vary with temperature due to the 
restructuring of the polymer material. The variation of the pore dielectric constant with 
temperature is described further in section 2.4.4.1. and is due to the combined effect of membrane 
pore size variation and variation of solvent dielectric constant with temperature. 
Table 2-1. Input variables to the DSPM-DE model that vary by temperature 
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Change at 
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 𝜈   Solvent kinematic 
viscosity 
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Palmeri, 
2007), Table 
4 
 		Δ𝑥 𝐴𝑘  Effective membrane thickness 
(for both solute 
and water) 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                               m 
 
 
 
 
 
 
 
 
 
 
 
 
 
(Amar, 
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2007), Table 
4, 
Fig 17. 
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Eq. 2-9 
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2.4.2. Sodium-chloride (NaCl) transport as a function of 
temperature 
In this section, the transport of sodium and chloride ions through the membrane is analyzed at 
different temperatures. Sodium-chloride is the dominant salt by mass in most waters considered 
for desalination, and often a desirable property of NF membranes is sodium-chloride passage with 
exclusion of other salts that have scaling potential. The effect of temperature is captured in the 
change of the structural parameters of the membrane as obtained from Amar et al. (22)as well as 
the change in ion diffusivity and solvent viscosity. In addition, the effect of membrane charge on 
the ion transport and rejection is observed. A subsequent section will discuss the effect of dielectric 
exclusion in detail. In addition to the net solute transport, the convective, diffusive and 
iD
poree
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electromigrative fluxes are also observed individually. Since correlations for membrane parameter 
variation (both structural and electrical) with temperature are not available in literature, the 
simulation results are shown here at just the few temperatures for which structural parameters are 
given by Amar et al. (22). The range of temperature studied by Amar et al. (22) (22-50oC) is 
practically relevant because the lower limit represents the temperature at which several lab-scale 
experiments are conducted ((3,33)) and at which membrane specifications from the manufacturer 
are provided. The upper limit of 50oC is slightly lower than the upper limit of the temperature 
tolerance of the experimental setup used in reference (22) and represents the typical temperature 
of geothermal brackish water which is often used as NF feed(22). 
For the results that follow, the feed concentration of sodium-chloride is 0.01 M for all cases. 
Concentration polarization is neglected, assuming a high cross-flow over the membrane with 
associated high mass transfer coefficients. Although concentration polarization may not be 
negligible in some common industrial applications, small lab setups can reach this condition. This 
approach allows us to ignore the flow properties on either side of the membrane in developing the 
results for membrane performance.  
2.4.2.1. Net solute transport change with temperature 
 
The model shows that the solvent transport and net solute transport always increase as temperature 
is increased. As a result, the rejection ratio always decreases with increasing temperature as seen 
in Fig. 2-5a. Furthermore, it is seen that each of the convective, diffusive and electromigrative 
contributions to solute flux increase in absolute value with temperature as well. These effects occur 
as a result of the change in membrane structural parameters, solvent viscosity and solute diffusivity 
due to temperature at each value of membrane charge.  
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Fig. 2-5a. NaCl rejection ratio vs. T 
  
Fig. 2-5b. Na+ flux vs. T                   Fig. 2-5c. Cl- flux vs. T 
 
 
 
Figure 2-5. For a negatively charged NF membrane (−50 or −200 mol m-3), modeling results for 
rejection and solute transport of Na+ and Cl- ions in a 0.01M NaCl solution at different 
temperatures: (a) rejection of NaCl;  (b) transport of Na+ ions by the three modes; and  (c) transport 
of Cl- ions by the three modes. 
 
2.4.2.2. Change in solution and membrane properties with temperature 
Some of the temperature-dependent properties mentioned in section 2.4.1. were more dominant in 
influencing solute flux (and hence rejection) and solvent flux through the membrane with 
temperature variation than others.  As temperature increased, changes in the membrane structural 
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parameters (i.e., pore radius and membrane thickness) together had a much more prominent 
influence on membrane performance than the solvent and solute mobilities combined.  The effects 
of these two sets of parameters can be separated by running the simulation in two steps. At first, 
all effects are considered to vary with temperature together. Subsequently, the effect of increased 
solute and solvent mobilities are isolated by running a simulation in which membrane parameters 
are kept constant. For example, from the fitting of Amar et al. (22) it is seen that going from 22oC 
to 40oC, the pore radius increased by 1.72% while the membrane thickness decreased by 53% with 
respect to solute transport and ~4% with respect to water transport (cf. Fig 17 in reference(22)). 
Over this temperature range, the diffusivities of the sodium and chloride ions increased by ~55% 
each while the solvent viscosity reduced by ~30%. In the simulation, when variation of pore radius 
and membrane thickness are accounted for in addition to that of the solvent and ion mobilities, the 
decrease in rejection of sodium-chloride going from 22oC to 40oC is ~50% (cf. Fig. 2-5). On the 
other hand, in the simulation, in order to isolate the effect of solvent and ion mobilities, if the 
membrane structural parameters are kept constant at the values corresponding to 22oC, and only 
solvent viscosity and ion diffusivity are varied corresponding to the temperature increase from 
22oC to 40oC, the ion rejection reduces by only ~5%. Figure 2-5 shows that the change in 
membrane volumetric charge value from −200mol/m3 to −50 mol/m3 (decrease by 75%), when all 
other parameters (pore radius, effective thickness, solvent viscosity and ion diffusivity) are kept 
constant corresponding to values at 22oC, the membrane volumetric charge density by itself 
reduces the rejection ratio by almost four fold. These numbers clearly illustrate that the variation 
of the membrane parameters causes a larger percentage change in rejection ratio (and hence ion 
transport) than the solvent viscosity and the ion diffusivity combined. 
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2.4.2.3. Change in the three modes of solute transport: convection, 
diffusion and electromigration with temperature 
When temperature increases, the higher solvent flux carries greater amount of solute with it, 
causing the increased solute convection (cf. Fig. 2-5). The overall term 𝐾q,:𝐶q,.IJ8𝐽7is therefore 
larger for each solute at higher temperatures. Furthermore, at higher temperature, the increase in 
solute diffusivity causes the diffusive transport to increase. Regarding diffusive transport, a 
reduction in rejection ratio due to the increase in temperature implies that the concentration 
gradient across the membrane is also reduced since there is a smaller fall of concentration across 
the membrane, thereby causing the  
;lw,xyz{;  term in the Nernst-Planck equation to be reduced in 
steady state. However, the increase in solute diffusivity due to increase in temperature over-
compensates for this effect and overall, the diffusive term −𝐷q	.IJ8 ;lw,xyz{;  is greater in magnitude 
at higher temperature. Similar to the concentration gradient, the potential gradient across the 
membrane is smaller in magnitude at higher temperature. However, the electromigrative flux 
increases at higher temperature predominantly due to the effect of increased solute diffusivity.  
2.4.2.4. Effect of membrane charge on chloride ion transport 
From Fig. 2-5c, showing the magnitudes of the different modes of transport of the chloride ion 
within the membrane at various negative values of membrane charge, we see that the diffusion is 
the dominant mode of transport and it becomes larger at larger magnitudes of membrane charge. 
This is because the negative chloride ion is repelled by the negatively charged membrane and so 
its concentration within the membrane 𝐶l,.IJ8is small, leading the convective and 
electromigrative fluxes to be small, and they reduce further at a greater magnitude of negative 
membrane charge. The chloride ion must have equal solute transport through the membrane as the 
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sodium ion, however, in order to maintain electroneutrality and so the reduced convective and 
electromigrative fluxes are compensated for by the diffusive flux, which therefore becomes the 
dominant mode of transport for the chloride ion. At greater magnitudes of negative membrane 
charge, the intra-membrane concentration for the chloride ion reduces further and hence diffusion 
becomes increasingly dominant (Fig. 2-5c). Along a similar line of reasoning, for positive values 
of membrane charge (Fig. 2-6), the chloride ions are attracted into the membrane, causing its intra-
membrane concentration to be large compared to that within negatively charged membranes. Thus, 
in membranes with a positive charge, chloride transport is predominantly convective and 
electromigrative (Fig. 2-6c). For a positively charged membrane (Fig. 2-6), the membrane 
potential is positive and decreases in magnitude across the membrane from feed to permeate side. 
The electromigration of the negatively charged chloride ions is in the direction towards the more 
positive membrane potential (from permeate to feed side), opposite to the overall solute transport. 
The solute transport and rejection of sodium and chloride ions when the membrane is positively 
charged is given in Fig. 2-6. 
 
 
Fig. 2-6a. NaCl rejection ratio vs. T 
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Fig. 2-6b. Na+ flux vs. T                                              Fig. 2-6c.  Cl- flux vs. T 
Figure 2-6. For a positively charged NF membrane (50 or 200 mol m-3), modeling results for 
rejection and solute transport of Na+ and Cl- ions in a 0.01 M NaCl solution at different 
temperatures: (a) rejection of NaCl;  (b) transport of Na+ ions by the three modes; and (c) transport 
of Cl- ions by the three modes. 
 
2.4.2.5.  Sodium ion transport 
For sodium ions, for each value of membrane charge at each temperature, the convective flux is 
always greater in magnitude than the electromigrative i.e. opposite to the behavior of chloride ions 
flux (Fig. 2-5 and Fig. 2-6). The reason is that the ratio of convective to electromigrative flux 
is greater for sodium than for chloride, where is defined as: 
𝑅q, = 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛q𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛q = 𝐾q,:𝐽7Δ𝑥𝑅𝑇𝑧q𝐷q,.IJ8Δ𝜓𝐹 (2-6) 
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where Δ𝜓 is the potential drop across the section of the membrane under consideration (or the 
entire thickness of the membrane if the potential profile is linear) and is equal for all ions in the 
system.  Thus the ratio of magnitudes of to is given by: 
𝑅l, 𝑅,  = 𝐾l,:	𝐷,.IJ8𝐾,:	𝐷l,.IJ8 
                                                                 
(2-7) 
This ratio is less than unity, and therefore convection is dominant over electromigration for sodium 
ions while it is the opposite for chloride ions. 
2.4.2.6. Summary and implications of NaCl transport at higher 
temperature 
1. Solvent and net solute transport increase with increase in temperature. 
2. All of the individual modes of solute transport, i.e. convection, diffusion and 
electromigration, increase in magnitude with temperature.  
3. The cumulative effect of changes in membrane properties with temperature is more 
dominant in influencing solute transport than the combined effect of the corresponding 
changes in solvent viscosity and ion diffusivity with temperature. 
4. The convective mode of solute transport increases in magnitude with temperature 
predominantly due to the increase in solvent transport. The diffusive and electromigrative 
modes of transport increase in magnitude with temperature predominantly due to increase 
in solute diffusivity with temperature. 
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5. In negatively charged membranes, anion transport is predominantly diffusive while cation 
transport is predominantly convective. The situation is reversed for positively charged 
membranes. 
2.4.3. Magnesium-chloride (MgCl2) transport as a function of 
temperature 
This section considers magnesium-chloride, following a similar path to that for sodium-chloride 
in the previous section. Mg2+ rejection is desirable for scale control in common thermal 
desalination processes, and in several aspects, Mg2+ rejection is representative of other divalent 
ions. However, from the current section and from section 2.4.5., it is clear that rejection of this ion 
is highly dependent on the feed composition. In this study, the concentration of magnesium-
chloride salt is taken as 5 mol/m3 (0.005 M) so that the feed solution contains 10 mol/m3 (0.01 M) 
of chloride ions. Thus the concentration of chloride ions in the study of sodium-chloride and 
magnesium-chloride are equal.  
2.4.3.1. Change in solution and membrane properties with temperature 
As mentioned in section 2.4.2., simulation results are provided only at temperatures for which 
Amar et al. (22) provide structural parameter values. Again, similar to the case of sodium-chloride, 
in going from 22oC to 40oC, the diffusivities of both ions increased by ~55%, and the fitting 
parameters of Amar et al. show an increase of pore radius by 1.72% and decrease in membrane 
thickness by ~53% with respect to solute transport and ~4% with respect to water transport . The 
simulations show that the combined effect of the change of solvent viscosity and ion diffusivity 
play a relatively small role in explaining the change in ion rejection (and hence transport) for the 
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given change in temperature compared to the combined effect of the membrane structural 
parameters. Similar to the approach in section 2.4.2., the effects of these two sets of parameters 
(solute and solvent mobilities versus membrane structural parameters) can be separated by running 
the simulation in two stages. At first, all effects are varied with temperature together and 
subsequently another simulation is done in which membrane parameters are kept constant. To that 
end, in the simulation, if the pore radius and membrane thickness are kept at values corresponding 
to 22oC and only the solvent viscosity and ion diffusivity values are changed to those at 40oC, the 
ion rejection increases by 5.3% and 0.1% respectively for a membrane charge of -50 mol/m3 and 
50 mol/m3, going from 22oC to 40oC. However, when all parameters in the simulation (pore radius, 
effective thickness, solvent viscosity and ion diffusivity) are allowed to change to values 
corresponding to 40oC, the rejection ratio of the ions decreases by ~60% and 3% for these cases. 
The effect of reducing the negative value of membrane charge from −200 mol/m3 to −50 mol/m3 
independently at 22oC reduces the rejection ratio by 129%. 
2.4.3.2. Comparison of MgCl2 and NaCl transport in negative and 
positively charged membranes 
The larger charge on multivalent ions, and in most cases, their larger Stokes radii and lower 
diffusivities compared to monovalent ions cause significant differences in the rejection 
performance by NF. This aspect is of crucial importance for membrane design at higher 
temperatures, as in many cases, such as seawater desalination, it is desirable to reject mainly the 
divalent ions. Solute transport by the different modes and rejection ratio for the Mg2+ and Cl- ions 
at different temperatures for membranes with negative and positive charges are shown in Fig. 2-7 
and Fig. 2-8 respectively.  
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Fig. 2-7a. MgCl2 rejection ratio flux vs. T                 
                                          
                                     
 
 
                Fig. 2-7b. Mg2+ flux vs. T                                            Fig. 2-7c. Cl- flux vs. T 
Figure 2-7. For a negatively charged NF membrane (−50 or −200 mol m-3), modeling results of 
rejection and solute transport of Mg2+ and Cl- ions in a 0.005M MgCl2 solution at different 
temperatures: (a) rejection of MgCl2; (b) transport of Mg2+ ions by the three modes; and (c) 
transport of Cl-  ions by the three modes. 
-1.0%
0.0%
1.0%
2.0%
3.0%
22°C 40°C 50°C
M
gC
l 2
re
je
ct
io
n 
ra
tio
Temperature
-50 mol/m³ -200 mol/m³
-5000
-4000
-3000
-2000
-1000
0
1000
2000
3000
4000
5000
22°C 40°C 50°C
M
g+
2 
io
n 
flu
x 
[µ
m
ol
/m
2 -s
]
Temperature
-20
0
20
40
60
80
100
120
140
160
22°C 40°C 50°CC
l-
io
n 
flu
x 
[µ
m
ol
/m
2 -s
]
Temperature 
Convection (  -50 mol m-3)
Convection (-200 mol m-3)
Electromigration (  -50 mol m-3)
Electromigration (-200 mol m-3)
Diffusion (  -50 mol m-3)
Diffusion (-200 mol m-3)
  
52 
 
 
Fig. 2-8a. MgCl2 rejection ratio vs. T                                   
  
 
 
Fig. 2-8b. Mg2+ flux vs. T                                        Fig. 2-8c. Cl- flux vs. T 
Figure 2-8. For a positively charged NF membrane (50 or 200 mol m-3), modeling results of 
rejection and solute transport of Mg2+ and Cl- ions in a 0.005M MgCl2 solution at different 
temperatures and positive membrane charges: (a) rejection of MgCl2; (b) transport of Mg2+ions by 
the three modes; and (c) transport of Cl-  ions by the three modes. 
The trends observed for the magnesium ion for different values of membrane charge (Fig. 2-7 and 
Fig. 2-8) are very similar to those observed for the sodium ion (Fig. 2-5 and Fig. 2-6). For both 
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magnesium-chloride and sodium-chloride, salt rejection is higher for a positive membrane charge 
compared to a negative membrane with equal magnitude of charge, due to steric exclusion. Since 
both cations are larger than the chloride ion, they experience a high steric exclusion, resulting to 
reduced movement of itself and its counter-ion into a positive membrane. One exception to the 
similarities between the salts is that for the chloride ion, as seen from Fig. 2-7c, when negatively 
charged membranes are considered, electromigration is dominant over diffusion for the 
magnesium-chloride solution (while for sodium-chloride solution, diffusion was greater in 
magnitude than electromigration for the chloride ion). This can be explained by looking at the ratio 
: 
𝑅q, = 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛q𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛q = 𝐶q,.IJ8Δ𝜓Δ𝐶q,.IJ8  𝑧q𝐹𝑅𝑇 (2-8) 
Here Δ𝐶q,.IJ8	 is the concentration drop across the section of the membrane under consideration, 
or the entire thickness of the membrane if the concentration profile is linear.  The ratio  𝑅l,  
is greater than one in the magnesium-chloride solution while it is smaller than one for sodium-
chloride in a negatively charged membrane, which explains why one mode of transport is dominant 
over the other for the two salts considered. This can be further explained by observing the non-
constant terms 𝐶q,.IJ8, Δ𝜓 and Δ𝐶q,.IJ8  in Eq. (2-8) for the magnesium-chloride and sodium-
chloride solutions, as discussed presently. For the chloride ion, at any given value of negative 
membrane charge, the mean concentration within the membrane 𝐶q,.IJ8 and potential drop across 
the membrane Δ𝜓 are higher for the magnesium-chloride solution compared to the sodium-
chloride solution. On the other hand, the concentration drop across the membrane Δ𝐶q,.IJ8 is lower 
for the magnesium-chloride solution compared to the sodium-chloride solution. The reason for the 
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higher intra-membrane concentration of chloride ions in the case of magnesium-chloride compared 
to sodium-chloride is due to the higher valence of magnesium compared to sodium, thereby 
drawing more chloride into the membrane to maintain intra-membrane electro-neutrality. 
Although the number of equivalents (i.e. number of units of charge provided by the ion) of Na+ 
and Mg2+ inside the membrane are approximately equal (and equal to the membrane volumetric 
charge density), the concentration of the ion of higher valence is marginally higher (and increases 
as the valence of the ion increases, even if the feed concentration of the Cl- is kept same overall all 
cases to ensure a fair comparison). Since the Cl- has a lower concentration in the membrane (it has 
the same charge as the membrane and is electrically repelled by it), even a small difference in the 
number of equivalents of Na+ and Mg2+ in the membrane causes a large difference in the number 
of equivalents of Cl- present. For example, considering the NaCl solution, for a membrane of −200 
mol/m3 charge at 50oC, the mean intramembrane concentration of Na+ is 200.2 mol/m3 and that of 
Cl- is thus 0.2 mol/m3. In comparison, for the MgCl2 case, the intramembrane concentration of 
Mg2+ is 100.4 mol/m3 (i.e., 200.8 equivalents of Mg2+ per m3), and the Cl- concentration is 0.8 
mol/m3 (four times as large as the NaCl case). Thus, a difference of only 0.3% in the number of 
equivalents of Mg2+ compared to Na+ resulted in the Cl- concentration to be four times in the MgCl2 
case compared to the NaCl case. As mentioned above, the concentration drop of Cl- across the 
membrane Δ𝐶q,.IJ8  is lower for the magnesium-chloride solution compared to the sodium-chloride 
solution. This is explained by the lower rejection ratio in the magnesium-chloride case, leading to 
a smaller drop of concentration from feed to permeate side. The potential drop across the 
membrane is higher in magnesium-chloride since the magnesium ion is larger: in negatively 
charged membranes, electromigration counteracts convective transport thus limiting accumulation 
of positive charges in the permeate solution (29). Consequently, a larger ion requires a higher 
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potential gradient to drive it back through the membrane to the feed side.  Thus, the preceding 
comparison between the respective 𝐶q,.IJ8 , Δ𝜓 and Δ𝐶q,.IJ8  terms of Cl- in the magnesium-
chloride case and the sodium-chloride case explains why the ratio  𝑅l, is larger than one in 
the former case and smaller than 1 in the latter case. This discussion thus explains the reason for 
the exception to the similarities between trends observed for magnesium-chloride and sodium 
chloride; that for the chloride ion, in a negatively charged membrane electromigration is dominant 
over diffusion in the magnesium-chloride solution. 
2.4.3.3. Negative rejection of MgCl2 
For a membrane with −50 mol/m3 charge, the magnesium-chloride solution shows a negative 
rejection ratio (Fig. 2-7a), meaning that, in steady state, the concentration of the salt is higher on 
the permeate side than the feed side. This also results in the diffusive flux of both ions to be in the 
negative direction, from permeate to feed, opposite to the overall solute flux (diffusion always 
takes place from the region of higher concentration to lower concentration).  The rejection ratio 
becomes positive as soon as the charge is slightly increased or decreased (by about 40 mol/m3). 
The rejection ratio is negative at −50 mol/m3 because the membrane offers adequate attractive 
force to the magnesium ions, while not allowing the repulsion towards the chloride ions to 
dominate. On the other hand, making the membrane more positive offers increased repulsion 
towards the magnesium ions. Even at zero membrane charge, a small positive rejection of 
magnesium-chloride is observed, since the ions still experience steric exclusion and there is no 
help from the membrane charge to draw the ions in. At −50 mol/m3 membrane charge, the rejection 
ratio is negative for all three temperatures, and the rejection ratio of magnesium-chloride increases 
(becomes less negative) with increasing temperature, in contrast to all other cases studied. This 
increase in rejection ratio with increase in temperature occurs because the permeate-side 
D
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partitioning effect (Eq. 2-3) for the dominant intra-membrane ion, Mg2+, increases with 
temperature and hence the drop in concentration from within the membrane to the permeate 
solution becomes sharper. Despite the increase in rejection ratio with temperature, the net solute 
transport of magnesium-chloride increases with temperature due to the increasing water flux, 
thereby increasing the convective salt flux. The mean intramembrane concentration of both ions 
also increase with increase in temperature. 
2.4.3.4. Summary and implications of MgCl2 transport at higher 
temperature 
1. Similar to the case of NaCl in section 2.4.2., the dominant influence on solute transport 
with increasing temperature was the cumulative temperature-induced changes in 
membrane properties, while only a small impact was made by temperature-induced 
changes in solvent viscosity and solute diffusivity combined. 
2. Similar trends were observed for the Mg2+ and Na+ ions (c.f. section 2.4.2.) for the impact 
of temperature and membrane charge density on solute transport modes and ion rejection. 
3. For both NaCl and MgCl2, the salt rejection is higher for a positively charged membrane 
of a given magnitude, compared to a negatively charged membrane of equal magnitude.  
4. In a negatively charged membrane, the intramembrane concentration of Cl- is higher for 
the MgCl2 case compared to the NaCl case because the Mg2+ ion (which has a higher 
valence than the Na+) pulls in more chloride ions. In general, a cation of higher valence has 
a marginally higher intramembrane concentration for a given fixed (negative) membrane 
charge value, but this has a magnified effect on the anion concentration, and the anion 
intramembrane concentration increases significantly for cations of larger valence. For a 
fair comparison in this discussion, as the valence of the cation is increased, the chloride ion 
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concentration in solution is kept equal for all salts by reducing the net salt concentration. 
For example, 0.01M NaCl and 0.005M MgCl2 have the same molar concentrations of Cl- 
ions in solution.  
5. It is possible to obtain a negative rejection ratio of MgCl2 for a certain value of negative 
membrane charge density, such that the rejection ratio increases (becomes less negative) 
with increase in temperature.  
 
2.4.4. Effect of dielectric exclusion on solute transport 
In nanofiltration, dielectric exclusion is an important mode of solute exclusion, along with steric 
and charge-based exclusion. In the previous sections of this work, the effect of dielectric exclusion 
was not considered, since our approach is to examine the impact of membrane parameters 
individually. In the model used for this work, dielectric exclusion governed only by the Born effect 
is considered, which accounts for the solvation energy barrier for the ion to enter the pore, resulting 
in a decreased dielectric constant of the solvent within the pore. Thus, the Born effect accounts for 
the energy penalty for an ion to shed its hydration shell when moving from a fully solvated state 
in bulk solution to the constricted passage within the pore, where there isn’t enough ‘space’ for all 
of the ion’s hydration shells. Dielectric exclusion works to reject ions irrespective of their charge, 
unlike the charge-based exclusion (wherein the charged membrane attracts counter-ions while 
repelling co-ions).  
2.4.4.1. Variation of pore dielectric constant with temperature 
According to Bowen et al. (3), the expression for dielectric constant within the membrane pores 
can be given by the expression in Eq. 2-9 which assumes that the solvent, i.e. water molecules, 
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occur in a thin annulus lining the inner pore periphery and the enclosed region has bulk dielectric 
properties.  
 (2-9) 
 
In Eq. 2-9, is the effective dielectric constant of water within the pore,  is the dielectric 
constant of the annulus of water covering the inner wall of the pore,  is the pore radius and  
is the thickness of one water molecule. The above expression gives the temperature-dependent 
pore dielectric constant as a function of the temperature-dependent pore radius and dielectric 
constant of the annulus of water lining the pore inner surface.  According to Bowen et al. (3), the 
dielectric constant of the ordered layer of water forming the annulus,  was found to be 31 from 
their experiments at 25oC. Since the extensive experimentation to determine the exact variation of 
this quantity as a function of temperature is beyond the scope of the current work, the dielectric 
constant of the oriented water molecules is assumed to change similarly to that of bulk water over 
the given temperature range and thus to decrease by 10.87% from 22oC to 50oC (45). Equation 2-
9 is thus used to estimate the pore dielectric constant at 50oC, by using fitted values of pore radius 
from Amar et al. (22), assuming the size of the water molecule does not change with temperature. 
According to this calculation, the intra-pore dielectric constant at 50oC is found to be 45.37. Using 
the same approach, the pore dielectric constant is 44.11 at 22oC. Although Roy et al. (25)use a 
pore dielectric constant of 56.5 for the Desal5DK membrane to match the results for seawater 
desalination in the SWCC Umm Lujj plant at 25oC, Eq. 2-9 provides a different value. Without 
further efforts on experimental determination of the pore dielectric constant, it is not possible to 
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arrive at a more conclusive value of pore dielectric constant; furthermore, the value may also 
depend on the feed composition. Bowen et al. (3) used a sodium-chloride solution to obtain their 
value for the dielectric constant of the ordered water layer ( ) used in Eq. 2-9.     
2.4.4.2. Sensitivity of NaCl rejection to pore dielectric constant  
In this section, the impact of the pore dielectric constant on solute transport will be illustrated. For 
instance, the simulation results show that in going from a pore dielectric constant value of 80.4 to 
45 (decrease by ~44%), the solute transport of sodium-chloride at 50oC at membrane charges of 0, 
−50 mol/m3 and −200 mol/m3 reduced by about 6%, 56% and 82% respectively. The value of pore 
dielectric constant to compare against, 80.4, was chosen because it is the bulk dielectric constant 
of water and hence when the pore dielectric constant is set equal to this value, the Born solvation 
energy barrier is zero, effectively removing the effect of dielectric exclusion. As stated in section 
2.4.4.1., the pore dielectric constant of the Desal5DK membrane at 50oC was estimated to be 
around 45. The above percentage changes in net solute transport due to pore dielectric constant at 
fixed values of membrane charge give an indication that dielectric constant is an important factor 
to consider in explaining the change in rejection ratio of ions with temperature.   
2.4.4.3. Effect of dielectric exclusion on solute transport modes and 
rejection 
Due to dielectric exclusion, the convective and electromigrative modes of transport for the chloride 
ion are significantly reduced, since the dielectric exclusion allows less chloride ions to enter the 
membrane. Therefore, the intra-membrane concentration 𝐶l,.IJ8 is reduced. The intra-pore 
concentration of the sodium ion has to remain almost unchanged in order to satisfy 
electroneutrality and so the electromigrative and convective terms for the sodium ion remain 
practically unaffected by dielectric exclusion in a negative membrane. Although the rejection ratio 
*e
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is higher due to dielectric exclusion, the concentration gradient across the membrane thickness  ;lw,xyz{;  (and hence diffusive transport) is less compared to when dielectric exclusion is not 
considered for both Na+ and Cl- ions. For a given feed concentration, a higher rejection usually 
implies a higher concentration gradient through the membrane because of the smaller permeate-
side concentration. Conversely, a higher concentration gradient usually signifies a higher rejection 
ratio. However, due to dielectric exclusion, the net solute transport for both ions is drastically 
reduced due to the Born exclusion effect and the higher rejection is reflected in a large partitioning 
effect on the permeate side (cf. Eq. 2-3); hence there is a steeper fall in concentration between a 
point just within the membrane (on the permeate side) and the permeate concentration.  
2.4.4.4. Summary and implications of dielectric exclusion on NF solute 
transport 
1. Increased dielectric exclusion (caused by reduced magnitude of pore dielectric constant) 
causes the rejection of all ions to increase. 
2.  Increased dielectric exclusion causes increased partitioning effect at the membrane-
solution interfaces and reduced solute transport through the membrane.    
2.4.5. Seawater Nanofiltration at different temperatures 
In this section, the solute transport and rejection ratio for each ion in seawater is analyzed at two 
different temperatures. This analysis is pertinent to NF as a pretreatment for thermal desalination 
systems, in which the feed water temperature may vary over the course of the day or over the year. 
All membrane parameters (both structural and electrical) were used for the analysis. The minimum 
and maximum temperatures used in the study thus far (22oC and 50oC) were considered, in order 
to clearly discern the effect of temperature. The concentrations of the ions in seawater are taken 
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from Table 2 from Roy et al. (25). The values of the membrane structural parameters and dielectric 
constant as obtained previously for the Desal5DK membrane at 22oC and 50oC (cf. Table 2-2) are 
used to simulate the nanofiltration of seawater at these temperatures. In order to simplify the 
analysis and since the membrane charge of the Desal5DK membrane at different temperatures for 
seawater feed composition are not known at present, the membrane charge will be kept fixed at 
−80 mol/m3 (the value fitted by Roy et al. in (25)). Thus, the present analysis provides insight into 
the changes in seawater nanofiltration due to the change in membrane structural parameters and 
pore dielectric constant with temperature. Although the exact fitted values of membrane charge 
for this feed at both of the two temperatures considered would be desirable for the analysis, the 
dielectric exclusion effect evaluated using the pore dielectric constants mentioned in section 
2.4.4.1 (44.11 and 45.37 respectively for 22oC and 50oC) is significant and is in fact the dominant 
mode of exclusion (over steric and Donnan exclusion) at both temperatures. For the analysis, one 
spiral-wound membrane element will be simulated using the model developed by Roy et al. 
(25)and the variation of water recovery ratio and rejection ratio with temperature will be observed 
in addition to the solute transport of each ion. 
Table 2-2. The following table summarizes the membrane parameters used at 22oC and 50oC: 
 
 
 
 
 
 
 
 
Parameter 
 
Pore radius 
 
 
 
                    [nm] 
 
 
 
 
Effective active 
layer thickness 
 
 
 
[µm] 
 
 
 
Membrane volumetric 
charge density 
 
 
 
 
[mol/m3] 
 
 
Pore 
dielectric 
constant 
P                                
 
 
Value at 22oC 
 
 
 
 
 
0.58 
 
from 
solute 
 
 
0.98 
 
 
from 
water 
 
 
2.20 
 
 
 
−80 
 
 
 
 
 
44.11 
Value at 50oC 0.67 0.56 2.67 −80 45.37 
porer
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Source 
 
 
Amar et al. 
(22) 
 
 
Amar et al. (22) 
 
Roy et al. (25) 
(assumed constant for 
this analysis) 
 
 
 
 
Calculation 
using Eq. 
2-9 
  
 
 
Figure 2-9. Rejection ratios of the primary ionic constituents of seawater at 22oC and 50oC as 
obtained from modeling a single element of a spiral-wound module at those temperatures. 
 
Figure 2-9 shows that the rejection ratios of the divalent ions calcium, magnesium and sulfate are 
almost 100% at both temperatures, although the rejection ratio decreases slightly at the higher 
temperature. The monovalent ions are rejected to a much lesser extent and the maximum rejection 
among them is observed for the bicarbonate ion.  
Figure 2-10 shows the solute transport by each mode for each ion at the two temperatures 
considered. In Fig. 2-10, the diffusion values for the Na+ and Cl- ions at 50oC (dark grey) are not 
shown entirely since they are too large. In this figure, the value shown is ~7000 µmol/m2-s at 50oC 
for both ions, but in fact they go up to ~15700 µmol/m2-s and ~16700 µmol/m2-s respectively. 
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Results for seawater ions other than Na+ and Cl- are shown in the supplementary information to 
focus on the non-dominant ions. 
 
 
Figure 2-10. Flux of ions in seawater through a negatively-charged (-80 mol m-3) NF membrane, 
by the three different modes (convection, electromigration, and diffusion) at 22oC and 50oC. 
Conditions were obtained from modeling a single element of a spiral-wound module at those 
temperatures. The diffusion values for the Na+ and Cl- ions at 50oC (dark grey) are not shown 
entirely since they are too large. In this figure, the value shown is ~7000 µmol/m2-s at 50oC for 
both ions, but in fact they go up to ~15700 µmol/m2-s and ~16700 µmol/m2-s respectively. Results 
for seawater ions other than Na+ and Cl- are shown in the supplementary information to focus on 
the non-dominant ions. 
 
2.4.5.1. Effect of feed concentration and membrane exclusion modes on 
seawater ions 
Considering a seawater feed, the net solute transport for each of the divalent ions and bicarbonate 
is a few orders of magnitude less than that of the chloride and sodium ions (Fig. 2-10). This is 
partly due to the fact that the feed concentration of the sodium and chloride ions are much higher 
than that of the other ions in seawater; and partly due to the much larger exclusion experienced by 
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the divalent ions, mainly in the form of dielectric exclusion. The dielectric exclusion is highest for 
the magnesium ion, followed by the calcium ion, the sulfate ion and then the monovalent ions. The 
negative charge on the membrane is predominantly neutralized by the sodium ions, since it has the 
highest intra-membrane concentration. Although this is slightly surprising, considering the 
negatively charged membrane attracts the positive divalent ions most strongly into the membrane, 
it can be explained by the fact that the dielectric exclusion is higher for the two divalent cations 
and this effect dominates that of the charge-based attraction.  Furthermore, the feed concentration 
of calcium and magnesium are much lower than that of the sodium ion, thereby reducing the 
amount of these ions ‘available’ to enter the membrane. The two monovalent anions chloride and 
bicarbonate experience similar magnitudes of steric, dielectric and Donnan exclusion, however the 
intra-membrane concentration of the bicarbonate is much lower than that of the chloride due to its 
smaller feed concentration and hence lesser ‘availability’. Unsurprisingly, the divalent anion 
sulfate experiences the largest amount of charge-based exclusion and also has high steric and 
dielectric exclusion causing high rejection. The above arguments explain why the intra-membrane 
concentration in the descending order is sodium, chloride, bicarbonate, sulfate, calcium and 
magnesium. In seawater, the convective mode is more dominant than the electromigrative mode 
for the sodium and chloride ions, as shown in Fig. 2-10. This dominance of convection occurs 
because the membrane potential for the seawater case is sufficiently low to bring the weight of the 
electromigrative term down. 
2.4.5.2. Percentage change in rejection of individual ions with 
temperature 
 In regard to seawater feed, the net solute transport of the divalent ions is a few orders of magnitude 
less than that of the monovalent ions at both temperatures. However, the increase in net solute 
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transport from 22oC to 50oC is higher for the divalent ions (10-30 fold) than the monovalent ions 
(3-5 fold). For the divalent ions, the mode of transport that increases the most sharply is the 
diffusive mode, while for the monovalent ions, it is the convective mode. The exception to this 
trend is Na+, for which diffusion increases marginally greater than convection. Such a sharp 
increase in the diffusive mode for the divalent ions is attributed to the sharp increase in the intra-
membrane concentration on the feed side (just within the membrane), for the temperature rise from 
22oC to 50oC due to the sharp change in the partitioning effects. This increase in concentration 
within the membrane facing the feed side results in a larger concentration gradient within the 
membrane and thus increased diffusion. The percentage change of the rejection ratio of the divalent 
ions with increase in temperature is lower than that of the monovalent ions, however, partly 
because their numerical values are larger. Overall, for the membrane studied and the given feed 
composition, the rejection ratio of the calcium ion shows the greater sensitivity to temperature 
(higher percentage decrease in rejection ratio with increase in temperature) between the two 
divalent cations. The sodium ion rejection has the largest percentage decrease in rejection ratio 
with increase in temperature among monovalents, and the chloride and bicarbonate rejections show 
almost equal percentage change in rejection ratio for the temperature change. Finally, the recovery 
ratio for the single element was seen to increase from 8.3% at 22oC to 23.9% at 50oC. 
2.4.5.3. Summary and implications for seawater transport at higher 
temperature 
1. Rejection ratio of all divalent ions is ~100% at both temperatures studied, although it 
reduces slightly at the higher temperature. The rejection ratios of the monovalent ions are 
significantly less than that of the divalent ions at both temperatures and reduce notably 
with increase in temperature. 
  
66 
 
2. Solute transport of each ion through the membrane depends on its feed concentration. 
Regarding each of the divalent ions and the bicarbonate ion, their feed concentrations are 
significantly lower than that of sodium and chloride ions in seawater. This factor 
contributes to their net solute transport being a few orders of magnitude less than that of 
the sodium and chloride ions.  
3. Each of the divalent ions experience large exclusion by the membrane, predominantly in 
the form of dielectric exclusion, resulting to their lower transport through the membrane 
relative to sodium and chloride ions. In fact, the sodium and chloride ions have the greatest 
intramembrane concentration. Even though the negatively charged membrane attracts the 
divalent cations more strongly, their entry is restricted by exclusion effects. 
4. The percentage increase in net solute transport with temperature is significantly higher for 
the divalent ions compared to the monovalent ions. This trend in solute transport among 
the ions in seawater is due to the reduction in the exclusion mechanisms at the higher 
temperature, which affects the divalent ions more strongly. 
5. The percentage decrease in rejection ratio with increase in temperature is lower for the 
divalent ions compared to the monovalent ions.  
6. As a result of the change in membrane parameters and the decrease in solvent viscosity, 
overall membrane water flux increases substantially at higher temperatures. For a spiral-
wound element operating on Arabian Gulf seawater, the water recovery increases from 
8.3% at 22oC to 23.9% at 50oC as per the modeling analysis. 
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2.4.6. Summary of temperature effects 
A summary of how the important model parameters and results change with temperature is 
provided in the following table. For this analysis, only one parameter is changed at a time and 
a positive rejection ratio regime, as seen in most cases described in the paper, is assumed. 
Table 2-3. The following table summarizes how the important model parameters and results 
change with temperature 
 
 
 
 
 
 
 
 
 
Expression 
 
 
 
 
 
 
 
 
 
 
Variable 
 
 
 
 
 
Change at 
higher 
temperature 
 
 
 
 
 
Impact on 
membrane 
performance 
 
 
 
 
 
 
 
 
 
 
 
 𝜈        Solvent 
kinematic 
viscosity 
 
 
 
 
 
 
 
 
 
 
 
 
Decreases 
 
 
 
 
 
 
 
 
Increase in 
solvent flux, 
which by itself 
increases 
rejection ratio. 
However as per 
Stokes-Einstein 
Eq. (ref. (Nilsson, 
Tragardh, & 
Ostergren, 2008)) 
a decrease in 
viscosity 
increases ion 
diffusivity, which 
lowers rejection 
ratio. 
 
 
 
 
 
 
 
                                                                                                                                                                                                    
 
 
 
 
 
 
 
 
 
 
Pore radius 
 
 
 
 
 
 
 
 
 
 
 
Increases (c.f. 
ref (22)) 
 
Increase in 
solvent flux 
Reduction in 
steric hindrance 
of solutes. 
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 ~Δ𝑥 𝐴 𝑠𝑜𝑙𝑢𝑡𝑒 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effective 
membrane 
thickness 
(from solute) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Varies (c.f. 
ref(22)) 
 
 
 
 
 
A reduction in 
this parameter 
causes reduced 
rejection ratio  
 
 
 ~Δ𝑥 𝐴 𝑤𝑎𝑡𝑒𝑟 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effective 
membrane 
thickness 
(from water) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Varies (c.f. ref 
(22)) 
 
 
 
 
 
 
A reduction in 
this parameter 
causes increased 
solvent flux  
 
 
 
 
 
 
 
 
 
 
Solute 
diffusivity 
 
 
 
 
 
 
 
Increases 
 
 
 
 
 
Reduced rejection 
ratio 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pore dielectric 
constant 
 
 
 
 
 
 
 
 
 
 
Increases 
 
 
 
 
 
 
Increase in this 
parameter causes 
reduced dielectric 
exclusion and 
hence reduced 
rejection ratio 
 
 
       
 
 
 
 
 
 
 
Ion rejection 
Generally 
decreases, 
increases 
(becomes less 
negative) when 
ion rejection is 
in negative 
regime 
 
−𝐷q	.IJ8 𝑑𝐶q,.IJ8𝑑𝑥           Diffusive 
transport 
 
 
 
 
 
 
 
 
 
 
 
Increases in 
magnitude 
 
 𝐾q,:𝐶q,.IJ8𝐽7         Convective 
transport 
 
 
 
 
 
 
 
 
 
 
 
 
 
Increases in 
magnitude 
 
 −𝑧q𝐶q,.IJ8𝐷q,.IJ8𝑅𝑇 𝐹 𝑑𝜓𝑑𝑥  
 
 
 
 
 
 
 
 
 
 
 
Electromigrative 
transport 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Increases in 
magnitude 
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 Φq    Steric exclusion 
 
 
 
 
Decreases due 
to pore 
expansion 
 
 
 
 
 
 Φ         Dielectric 
exclusion 
 
 
 
 
Decreases due 
to increase in 
pore dielectric 
constant 
 
𝑒𝑥𝑝 − 𝑧q𝐹𝑅𝑇 𝜓oqGH8J9:8          Donnan partitioning 
 
 
Reduces for 
membrane 
counter-ion, 
increases for 
membrane co-
ion 
 
 
2.5. Chapter 2 conclusions and outlook 
To the authors’ knowledge, the present work is the first to examine the impact of temperature on 
nanofiltration, examining the mechanisms of solute transport and exclusion in different feed 
solutions at different temperatures. The DSPM-DE model is used in which solute transport is 
described by the Nernst-Planck equation within the membrane, thereby capturing three different 
modes of solute transport: the convective, diffusive, and electromigrative modes. The DSPM-DE 
model involves three exclusion mechanisms governing entry of solute into the membrane: the 
steric, dielectric, and Donnan exclusion mechanisms. Each of these modes of transport and 
exclusion for individual ions vary with temperature, thereby affecting how a given membrane 
rejects ions differently at different temperatures. Ions differ from one-another in terms of size, 
valence, and diffusivity and these factors, coupled with changes in the membrane itself due to 
temperature determine which ions show greater change of rejection with temperature change. 
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Apart from those mentioned in the section summaries/implications, the following conclusions are 
obtained from this study: 
1. Electroneutrality within the membrane is the key driving factor in determining how much 
of each ion enters the membrane at a given value of water flux. When several ions of like 
charge are present, the exclusion mechanisms are the deciding factor for competition 
among the different ions and determine which ions are ‘preferred’ to enter the membrane. 
2.  In the analysis of seawater ions, one major effect causing large rejection of scale-causing 
divalent ions (Mg2+, Ca2+, SO42-) is the large dielectric exclusion experienced by these ions. 
Thus, lower causing greater dielectric exclusion is beneficial for NF membranes 
aiming to remove these scalants.   
3. In light of the preceding discussions, for higher temperature applications, membranes with 
lower temperature-dependent structural changes are desirable. Specifically, membranes 
whose pore radius increases less are preferred not only because they can maintain high 
steric exclusion, but also low intra-pore dielectric constant (cf. Eq. 2-9) resulting in high 
dielectric exclusion. Regarding membrane charge, the desired value depends on the ions to 
be rejected. For membranes attempting to remove Mg2+ and Ca2+, an increased negative 
charge with temperature is disadvantageous. A higher negative membrane charge will aid 
rejection of the SO42- ions, however.  
Experimental work to accurately fit the membrane charge and pore dielectric constant as a 
function of temperature is desirable in future, although the present analysis provides clear 
insight into the nature of changes in solute transport and rejection that occur as a result of 
temperature change. 
 
poree
  
71 
 
3. Contributive factors to the change in permeate 
quality upon temperature variation in 
nanofiltration 
 
 
 
3.1. Introduction 
Nanofiltration (NF) is a pressure-driven membrane-based solution treatment method, similar to 
reverse osmosis (RO). Streams entering NF may occur over a wide range of temperatures, 
depending on the source. For example, effluents from textile, electroplating and pharmaceutical 
industries can range between 25-70oC (8,46–48). The introduction of specialty high temperature 
membranes by Dow in 2016 testifies to the practical significance of high temperature NF and RO 
(49). While several examples in the literature discuss changes in salt rejection and water flux with 
change in temperature (9,10,23), relatively few explore why species transport through the 
membrane changes with temperature. Because the temperature-dependence of solute diffusivity 
and solvent viscosity are well-studied, authors generally attribute reduced uncharged solute 
retention rate and increased solvent flux at higher temperature to the increased diffusivity and 
solvent viscosity respectively (9,50) However, transport in NF is known to depend on various 
membrane properties, including pore size, membrane charge, and selective layer tortuosity (3,25). 
Therefore, accounting for temperature-induced changes of these quantities may be significant in 
explaining variations in membrane selectivity due to temperature. Certain references do discuss 
membrane properties in the context of temperature variation: Amar et al. (22) prove through their 
modeling work on uncharged solutes that only species mobilities (solute diffusivity and solvent 
viscosity) cannot account for the observed changes in rejection ratio with temperature change, and 
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references (46) and (34) qualitatively discuss pore radius change with temperature as a potentially 
significant contributor to selectivity changes. However, a quantitative comparison of various 
contributors relevant to charged species is lacking in literature.  
The study of charged species is more complicated than uncharged solutes: salt retention may stay 
unchanged, increase or decrease with temperature (9,10). Furthermore, both structural aspects of 
the membrane and membrane charge could change with temperature, thereby affecting selectivity. 
The change in membrane charge with temperature has been studied previously (51,52), but there 
is lack of clarity on the relative magnitude of this effect, compared to membrane structure changes 
or mobilities. In this work, the effects of individual membrane properties and species mobilities, 
as well as various groups of parameters (membrane properties vs. mobilities and membrane 
structural properties vs. charge) on NF selectivity will be studied. Conclusions are drawn based on 
results from three feed compositions and two membranes, and the results are explained using an 
analytical framework. Changes in membrane selectivity will be accounted for through changes in 
salt permeate concentration, since this quantity directly indicates permeate quality.     
3.2. Governing Equations  
The governing equations for species transport in nanofiltration (NF) are implemented numerically 
using MATLAB vR2016a for this work. These equations together constitute the Donnan Steric 
Pore Model (DSPM) and are summarized in Table 3-1 (53). Successful use of this model for NF 
has been widely reported (29,31,44,51,53,54). For all experimental data sets studied, concentration 
polarization is considered negligible, hence Eq. 3-2 uses the bulk feed concentration 𝐶q,9 . The 
expression for the reflection coefficient 𝜎 (Eq. 3-5) applicable to charged species is derived by 
Bandini et al (50). Temperature dependence of solute mobility (diffusivity 𝐷q,u) is accounted for 
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by the Stokes-Einstein equation (55,56) and water mobility (𝜇7) values are taken from reference 
(45).  
Table 3-1: Governing equations for species transport in NF 
Equation Significance  𝐽q = −𝐷q,u𝐾q,; 𝑑𝐶q,.IJ8𝑑𝑥 − 𝑧q𝐹𝑅𝑇 𝐷q,u𝐾q,;𝐶.IJ8	 𝑑𝜓𝑑𝑥+ 𝐾q,:𝐶q,.IJ8𝐽7  Ion flux (3-1) 
𝛾q,.IJ8𝐶q,.IJ8𝛾q,9𝐶q,9 = 𝜙q exp −𝑧q𝐹𝑅𝑇 Δ𝜓o,9¤qG 
Extent of ion 
partitioning by 
membrane 
between feed 
solution and pore-
entry 
(3-2) 
𝛾q,.IJ8𝐶q,.IJ8𝛾q,.𝐶q,. = 𝜙q exp −𝑧q𝐹𝑅𝑇 Δ𝜓o,.¤IH 
Extent of ion 
partitioning by 
membrane 
between pore-exit 
and permeate 
solution 
(3-3) 
¥  𝑧q𝐶q,.IJ8	qIG¦ § + 𝐶- = 0 Electroneutrality inside membrane pores (3-4) 𝐽7 = 𝑟.IJ88𝜇7Δ𝑥7 (Δ𝑃..q8; − 𝜎Δπ) Water flux (3-5) 
𝐽¦ = 𝐽7𝐶¦,. 
 
Salt flux in 
pressure-driven 
membrane 
processes, in 
terms of 𝐽7 and 𝐶¦,. 
 
(3-6) 
⇒ 𝑑𝐶¦,.𝐶¦,. = 𝑑𝐽¦𝐽¦ − 𝑑𝐽7𝐽7  
 
Change in 𝐶¦,. in 
terms of changes 
in 𝐽¦ and 𝐽7, 
following 
differentiation of 
Eq. 3-6 
(3-7) 
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3.3. Validation with experimental data and 
temperature-dependent parameter change 
As shown in Fig. 3-1, the model was validated for the lowest and highest temperatures for 4 data 
sets (0.001M NaCl (with the TFCS membrane by Koch Fluid Systems) (51),0.1M NaCl, 0.1M 
Na2SO4 and 0.001M NaCl (the last three data sets used the Desal5DK membrane by GE Osmonics) 
(52)). These four data sets are named A, B, C and D respectively. Table 3-2 provides a summary 
of the reference data sets. Pore radii at each temperature were taken from the associated references 
and values for 𝛿7 were obtained from rearranging Eq. 3-5. The two fitting parameters were Δ𝑥¦ 
and 𝐶- and unique pairs of optimal values for each data set were obtained after minimizing the 
least square error on salt flux. This fitting procedure is similar to that of Sharma et al. (51) and 
hence comparable values of these parameters are obtained (Fig. 3-2). Upon fitting with the other 
data sets, temperature-dependent trends are obtained: as shown in Fig. 3-3, net path length through 
the selective layer of both water and salt (Δ𝑥7	and	Δ𝑥¦), and the magnitude of negative membrane 
charge increased due to temperature increase. The increase in path length for all species is 
explained by the increase in selective layer tortuosity (57), and the larger membrane charge is due 
to the combined effect of enhanced anion-adsorption and membrane functional-group dissociation 
at higher temperatures. These mechanisms are discussed in further detail in section 2.4.4. Increase 
in pore radius with temperature rise is commonly reported ((22,51,55,58)) and is also observed for 
the current data sets. Values for pore size were taken from the reference literature containing the 
experimental data, and were obtained by fitting with uncharged solute data by those authors 
(22,57).  
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Table 3-2: Summary of experimental data sources: 
Data set Reference Feed composition Membrane Temperatures 
Highest 
applied 
pressure 
A (51) 0.001M NaCl TFCS 5oC and 35oC 7.5 bar 
B (52) 0.1M NaCl Desal5DK 22oC and 50oC 15 bar 
C (52) 0.1M Na2SO4 Desal5DK 22oC and 50oC 15 bar 
D (52) 0.001M NaCl Desal5DK 22oC and 50oC 15 bar 
 
 
Fig. 3-1a                              Fig. 3-1b 
 
 
Fig. 3-1c         Fig. 3-1d 
 
Figure 3-1. Model validation for data sets A, B, C and D (Figs. 3-1a-d) 
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3.3.1. Change in membrane parameters due to temperature 
   
Fig. 3-2a          Fig. 3-2b 
Fig 3-2. The two independent fitting parameters obtained in the current work are comparable to 
those in reference (51) for the same experimental data set. 
 
    
Fig. 3-3a          Fig. 3-3b 
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Fig. 3-3c             Fig. 3-3d 
 
Fig 3-3. For all data sets (A-D), the same trends due to temperature variation were obtained: 
increase in pore size, 𝛿7, Δ𝑥¦ and magnitude of negative membrane charge, |𝐶-|. 
 
3.4. Results and discussion 
In this section, changes in salt permeate concentration,𝐶¦,., due to changes in temperature-
dependent parameters will be discussed and explained. For instance, the contribution of membrane 
parameters to changes in 𝐶¦.  will be shown in certain sections. In those sections, only changes in 
membrane parameters at the higher temperature (illustrated in Section 3.3.2.) will be implemented 
in the model, and the corresponding permeate concentration plotted. Similarly, the contribution of 
mobilities to permeate concentration refers to 𝐶¦,. values when only mobilities ±𝜇7	and	𝐷q,u² are 
changed to higher temperature values. This work focuses on permeate concentration because 
permeate quality (measured by concentration of solute species) is the focus of treatment methods 
like NF. Results for data set D are not shown in this section due to numerical instability while 
varying sub-sets of parameters. 
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3.4.1. Temperature-based changes in membrane properties and 
mobilities each alter 𝑪𝒑 notably 
 
 
  Fig. 3-4a           Fig. 3-4b 
 
Fig. 3-4c 
Fig 3-4. For all data sets (A-C), neither the membrane parameters nor mobilities could by 
themselves account for the net change in permeate quality from low to higher temperature. 
Along with the 𝐶¦,. curves for the low and high temperature for each data set, two other lines are 
shown: 1. the curve obtained from changing mobilities to values at the higher temperature 
(holding membrane properties at lower temperature values), 2. The curve obtained by changing 
membrane parameters at higher temperature values (holding mobilities constant). Since neither 
one of these lines are coincident with the higher temperature line, both sets of parameters need to 
be accounted for during temperature variant studies. 
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For all data sets, the change in 𝐶¦,. from low to high temperature could not be accounted for due 
to either the membrane parameters or the mobilities by themselves. The increase in 𝐷q,u at the 
higher temperature increases the permeate concentration and is the dominant contribution, between 
the two mobility factors.  Consequently, for data set A and C, and a large range of B, the mobilities 
line not only lies above the lower temperature line, but also exceeds the higher temperature values. 
The cumulative contribution of the membrane parameters in almost all cases reduces 𝐶¦,. below 
the lower temperature line. 
3.4.2. Analytical framework to explain the influence of 
temperature-dependent parameters on 𝑪𝒑 
                    
       
 Fig. 3-5a               Fig. 3-5b 
 
Fig 3-5. Fig 3-5a: The analytical framework (based on Eq. 3-7) can be used to explain the 
opposing effects of 𝜇7 and 𝐷q,u on permeate quality. Fig. 3-5b: The effect of individual 
parameters on permeate concentration (data set A). Each line is obtained by fixing the labelled 
parameter to its value at the higher temperature of 35oC, while all other model inputs are at the 
lower temperature (5oC) values. 
 
Equation 3-6 shows the expression for salt flux in terms of water flux and permeate concentration 
applicable to pressure-driven membrane processes, such as NF and RO. Equation 3-7 gives the 
differential form of Eq. 3-6. The differential form states that the relative change in permeate 
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concentration 𝑑𝐶¦,. 𝐶¦,.µ  is determined by a ‘race’ between the relative changes in salt flux ~𝑑𝐽¦ 𝐽¦  and water flux ~𝑑𝐽7 𝐽7 . For example, due to a given change in operating condition, if 
the salt flux increases to a greater extent than the water flux, the permeate concentration of the salt 
will increase. This framework can be used to analyze the influence of each temperature-dependent 
parameter on 𝐶¦,.. Figures 3-5 and 3-6 can therefore be explained using this approach. The relative 
changes 𝑑𝐶¦,. 𝐶¦,.µ  and ~𝑑𝐽¦ 𝐽¦  can be interpreted as percentage changes in the respective 
quantities: Δ𝐶¦,. 𝐶¦,.µ  and ~Δ𝐽¦ 𝐽¦  (as discussed in Eqs. 3-8, 3-9 and Fig. 3-5). 
Between the mobilities, 𝐷q,u primarily increases the ion fluxes (and hence salt flux). Its influence 
on the water flux is negligible in comparison, occurring through a change in permeate osmotic 
pressure value (Eq. 3-5). Consequently, Eq. 3-7 can be re-written as Eq. 3-8 to explain the 
influence of 𝐷q,u on salt permeate concentration. The notation 𝐷¦,u|yl → 𝐷¦,u|·¸yl  indicates 
that only effects due to the change in salt diffusivity from the initial temperature to a higher 
temperature (22 to 50oC) is accounted for. 
 Δ𝐶¦,.𝐶¦,. ¤o¹,º|»»y¼→o¹.º|½¾y¼ ≈ Δ𝐽¦𝐽¦ o¹,º|»»y¼→o¹,º|½¾y¼ > 0 
 
(3-8) 
 
The solvent viscosity appears in Eq. 3-5. Accordingly, the decrease in 𝜇7with increase in 
temperature has the effect of increasing solvent flux. The dominant term in Eq. 3-9 is the relative 
change in 𝐽7, even though ~𝑑𝐽¦ 𝐽¦  is also affected by the change in water flux.  The result is a 
decrease in 𝐶¦,. due to the temperature-induced decrease in solvent viscosity. 
 (3-9) 
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Δ𝐶¦,.𝐶¦,. ¤ÁÂ|»»y¼→ÁÂ|½¾y¼ = Δ𝐽¦𝐽¦ − Δ𝐽7𝐽7Ã;IqGGHÁÂ|»»y¼→ÁÂ|½¾y¼ < 0 
 
 
Like 𝐷q,u, the membrane parameters Δ𝑥¦ and 𝐶- primarily affect ~𝑑𝐽¦ 𝐽¦ . However both of these 
parameters results in decreased 𝐽¦, and hence decreased 𝐶¦,.. The influence of Δ𝑥7 is explained 
similarly to that of 𝜇7, although the increase in its magnitude with temperature by itself reduces 𝐽7 Δ𝐽7 𝐽7 < 0 ⇒ Δ𝐶¦,. 𝐶¦,.µ > 0. The increase in 𝑟.IJ8 with temperature increases both 𝐶¦,. 
(due to lowered steric hindrance) and 𝐽7 (Eq. 3-5), hence increasing 𝐽¦ (Eq. 3-6). For all data sets 
studied, ~𝑑𝐽¦ 𝐽¦ > 𝑑𝐽7 𝐽7 Jxyz{|»»y¼→Jxyz{|½¾y¼ ⇒ Δ𝐶¦,.ÅJxyz{|»»y¼→Jxyz{|½¾y¼ > 0.  
          
Fig. 3-6a              Fig. 3-6b 
 
Fig 3-6. Effect of individual parameters on permeate concentration and water flux due to 
temperature change (each parameter on the x-axis is changed to its value at the higher 
temperature holding all other model inputs at the lower temperature). Results are shown for data 
set A (low and high temperature are 5 and 35oC respectively), and trends of increase or decrease 
of 𝐶¦,. due to each parameter holds for all data sets. 
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3.4.3. Dominance of membrane parameters over mobilities with 
increasing pressure 
 
 
 
  Fig. 3-7a           Fig. 3-7b 
 
 
 
Fig. 3-7c 
 
Fig 3-7. For all data sets (A-C), the net effect of membrane parameters supersedes that of 
mobilities at increasing applied pressure values. 
 
Figure 3-7. shows the variation of 𝐶¦,. against applied pressure up to 15 bar. Results by Sharma et 
al. (51) have been extended to 15 bar using the fitting parameters obtained during validation. For 
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all data sets, the Δ𝐶¦,. due to mobilities is positive over the entire range of pressure (𝐶¦,.increase 
due to 𝐷q,uis larger than the decrease caused by 𝜇7). Consequently, the line contributed by the 
mobilities lies above the lower temperature line in all cases. Furthermore, the mobilities line almost 
merges with the lower temperature line as the applied pressure increases. The deviation of 𝐶¦,. ±Δ𝐶¦,.² due to each parameter from the lower temperature values reduces at higher pressure. 
Accordingly, the reduced contribution of 𝐷q,u at higher pressure results in the reduced net effect 
of the mobilities.  
3.4.4. Improved selectivity at higher temperature - overcoming 
unfavorable membrane property changes 
 
 
 Fig. 3-8a            Fig. 3-8b 
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Fig. 3-8c 
 
Fig 3-8. Generally, changes in structural properties (𝑟.IJ8, Δ𝑥7, Δ𝑥¦) at higher temperature result 
to increase in permeate concentration (reduced permeate quality), while the increased magnitude 
of membrane charge lowers permeate concentration. Consequently, membrane construction that 
reduces propensity to re-structure at higher temperature, as well as membrane material with 
higher anion-adsorption tendency with increasing temperature would maintain high permeate 
quality at elevated temperatures.  
 
For all data sets, the temperature-based changes in structural parameters (𝑟.IJ8, Δ𝑥7 and Δ𝑥¦) 
results to increased 𝐶¦,. (reduced membrane selectivity), while the increase in negative membrane 
charge lowers the permeate concentration (enhanced membrane selectivity). These conclusions 
suggest that membrane-design for higher temperature applications requires focus on reduced 
structural reorientation and improved anion-adsorption propensity. One method to reduce material 
restructuring upon temperature increase is the introduction of crystalline that act as ‘physical cross-
linkers’ (i.e. effectively acting as clamps) to minimize polymer-reorientation with temperature 
change. Such crystalline domains were identified in the Desal5DK membrane Amar et al. (55). 
Previous literature has reported difference in charge acquiring propensity in solution for different 
membranes (59). A possible explanation for enhanced ion-adsorption in some membranes is larger 
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hydrophilicity; better understanding of the involved mechanism is hindered by the proprietary 
nature of membrane chemistry details.  
3.5. Chapter 3 conclusions 
Conclusions from this study are enumerated as follows: 
1. Membrane parameters each change with temperature increase: pore size, net species path 
length and membrane charge increase in magnitude. 
2. Neither the set of membrane parameters nor mobilities by themselves can account for 
change in membrane selectivity with temperature variation by themselves. 
3. The changes in solvent viscosity and ion diffusivity (the mobilities) decrease and increase 
permeate concentration with increasing temperature, thereby partially cancelling each-
other’s effects. The influence of ion diffusivity is dominant and hence the net effect of the 
mobilities is to increase permeate concentration at higher temperature.  
4. At larger pressures, the change in permeate concentration due to each membrane parameter 
and mobility factor is diminished. Consequently, the net contribution of the two mobilities 
is superseded by the membrane parameters, which account for almost the total change in 
permeate concentration due to temperature change. 
5. Generally, the membrane structural changes and changes in membrane charge with 
increase in temperature cause increase and decrease of the permeate concentration 
respectively. Improved salt retention at higher temperatures can be attained by reducing 
the membrane material’s tendency to restructure, as well as using material with higher 
anion-adsorption or functional group dissociation propensity at elevated temperatures.  
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4. A framework to analyze sulfate-chloride 
selectivity in nanofiltration 
 
 
4.1. Introduction 
 
Nanofiltration (NF) is a pressure-driven membrane-based separation technology, similar to reverse 
osmosis (RO). The niche of this technology is for applications requiring high removal efficiency 
for only multivalent ions. The separation of sodium sulfate from sodium chloride upon 
nanofiltration treatment of an incoming mixture, is a well-studied application. For convenience, 
the separation of sodium sulfate from sodium chloride will be referred to as ‘fractionation’ in this 
work.  
The temperature of industrial effluents that undergo this treatment depends on the source, although 
NF-treatment is limited by membrane material limits. References (60) and (61) study nanofiltration 
for fractionation with feed temperatures ranges 32-59oC and 30-40oC respectively, but do not 
discuss the change of fractionation efficacy due to temperature change. Other sources, such as 
reference (62) discuss the decrease in rejection of all ions due to increase in feed temperature 
during NF-based fractionation. Indeed, in academic literature, the change of rejection ratio due to 
various operating conditions is reported as the primary metric for membrane-based separation. 
Studies of other NF applications, such as seawater desalination, that depend on the preferential 
selectivity to multivalent ions also report rejection ratio. However, comparing rejection ratio 
change due to variation in operating conditions does not provide a direct response to the question: 
is the nanofiltration membrane more selective to sulfate or chloride ions at a different operating 
condition? Moreover, as explained in Section 4.4.1, rejection ratio can provide an incorrect answer 
to this question on some occasions. 
  
87 
 
In the present work, a performance metric that answers the above question is introduced and its 
variation with temperature and pressure are analyzed. An analytical framework to explain the 
observed variations is developed. Applicability to all membrane types used in pressure-driven 
technologies is the key advantage of the proposed method of analysis. Furthermore, the analysis 
informs the membrane operator on how to improve selectivity in their system, and identify focus 
areas for improved membranes for the given application.  
Five feed compositions (A-E) representing a range of NaCl-Na2SO4 concentration ratios will be 
considered and the changes in their selectivity metric with temperature, pressure and membrane 
charge variation will be studied. Fig. 1 describes the molar compositions of solutions A-D, while 
solution E has the same ratio of salt concentrations as A, but at ten times the total salinity. For 
compositions A to D, the total equivalents of anions is fixed. For example, in A and D, the anion 
equivalents are 30+2x15=60 and 12+2x24=60 respectively. Composition E contains ten times the 
anion equivalents in A-D: 300+2x150=600. In contrast to the other compositions, D has a greater 
percentage by moles of sodium sulfate than sodium chloride. 
 
 
    A,E          B            C    D 
Fig. 4-1. Percentage of moles of NaCl and Na2SO4 in each feed composition. Specifically, the 
compositions of solutions A to E are : 30 mol/m3 NaCl + 15 mol/m3 Na2SO4 (A), 40 mol/m3 
NaCl + 10 mol/m3 Na2SO4 (B), 20 mol/m3 NaCl + 20 mol/m3 Na2SO4 (C), 12 mol/m3 NaCl + 24 
mol/m3 Na2SO4 (D) and 300 mol/m3 NaCl + 150 mol/m3 Na2SO4 (E) respectively.  
 
NaCl
(66.7%)
Na2SO4
(33.3%)
NaCl
(80%)
Na2SO4
(20%)
NaCl
(50%)
Na2SO4
(50%)
NaCl
(66.7%)
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4.2. Governing equations 
4.2.1. Analytical framework 
 
The desired outcome of fractionation is to minimize Na2SO4 concentration and maximize NaCl 
concentration in the permeate stream. Consequently, the primary metric for fractionation 
performance is defined by Eq. 4-1 in this work:  
𝑀 = 𝐶.,l 𝐶.,»ÆÇÈµ  (4-1) 
 
In pressure driven processes such as NF and RO, the salt (i.e. NaCl or Na2SO4) flux and water flux 
directions are the same, and the following equation holds (25,29,63): 𝐶.,¦ = 𝐽¦ 𝐽7  (4-2) 
 
The above equation holds in case of negative rejection (refer Fig. 4-6c), since in pressure driven 
processes the transport in the support layer is convection-dominated and back-diffusion is 
eliminated due to a flat concentration profile in this region. 
Using quotient rule of differentiation on Eq. 4-2,  𝑑𝐶.,¦𝐶.,¦ = 𝑑𝐽¦𝐽¦ − 𝑑𝐽7𝐽7  (4-3) 
 
For each salt, the quantity on the right hand side of Eq. 4-3 can be thought of as a ‘competition’ 
between the relative increase in salt flux, 𝐽¦, and the relative increase in water flux, 𝐽7. 
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The derivative of 𝑀 with respect to a quantity 𝑋 (temperature, membrane charge or pressure in 
this paper) is: 
𝑑𝑀𝑑𝑋 = 𝑑𝑑𝑋 𝐶.,l 𝐶.,»ÆÇÈµ  = 𝐶.,»ÆÇÈ 𝑑𝐶.,l𝑑𝑋 − 𝑑𝐶.,»ÆÇÈ𝑑𝑋 𝐶.,l𝐶.,»ÆÇÈ   (4-4) 
 
Dividing Eq. 4-4 through by 𝑀, 𝑑𝑀𝑀 = 𝑑𝐶.,l𝐶.,l − 𝑑𝐶.,»ÆÇÈ𝐶.,»ÆÇÈ  (4-5a) 
 
Equation 4-5a gives the relative change in 𝑀 due to 𝑑𝑋. The equation states that when 𝑀 increases 
~𝑑𝑀 𝑀 > 0, the relative change in 𝐶.,l 𝑑𝐶.,l 𝐶.,lµ due to 𝑑𝑋 is larger than that of 𝐶.,»ÆÇÈ . Conversely, when 𝑀 decreases, the relative change in 𝐶.,l is smaller than that of 𝐶.,»ÆÇÈ .  
Now using Eq. 4-3 in Eq. 4-5a, and cancelling the 𝑑𝐽7 𝐽7 terms for the two salts, 
⇒ 𝑑𝑀𝑀 = 𝑑𝐽l𝐽l − 𝑑𝐽»ÆÇÈ𝐽»ÆÇÈ  (4-5b) 
In summary, an increase in 𝑀 implies that the relative change in 𝐶.,l  and 𝐽l  due to 𝑑𝑋 are 
higher than the corresponding values for Na2SO4. All inequality signs can be reversed to account 
for a decrease in 𝑀.  
Finally, the mass balance on the concentration polarization boundary layer will be used to explain 
‘breakthrough’ in section 4.5.2. As derived in Appendix C for salts containing two ionic species, 
the electrical potential-gradient component can be replaced by an expression in terms of ion mass 
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transfer coefficients and diffusivities. Hence, for each salt, the equation effectively reduces to the 
form shown in Eq. 4-6a. The first term on the right is the convective flux for each salt towards the 
feed-membrane interface and the second term is the diffusion flux away from this interface.  𝐽¦ = 𝐽7𝐶,¦ − 𝐾¦(𝐶,¦ − 𝐶9,¦) (4-6a) 
 
Using Eq. 4-2 to replace 𝐽¦, 𝐽7𝐶.,¦ = 𝐽7𝐶,¦ − 𝐾¦(𝐶,¦ − 𝐶9,¦) (4-6b) 
 
 
4.2.2. Nanofiltration modeling 
The current work will use the analytical framework developed in Section 4.2.1 to explain known 
trends of fractionation performance due to temperature and pressure variation. The trends are 
mentioned in Section 4.3 based on results from a commercial software and are reproduced (and 
explained) in Section 4.4 using the widely-used NF model described in our previous work (25,56). 
This model provides values of salt and water fluxes and concentrations that are necessary for the 
explanations in Section 4.4. Since the aim of this work is to demonstrate a membrane-independent 
analytical procedure, details of membrane parameters will not be described here. Phenomena 
related to temperature-dependence have been accounted for while generating results shown here: 
ion diffusivity and water viscosity changes are accounted for as shown in our previous work (56), 
and typical trends of membrane geometry variations are included (22,57,64). Numerical values of 
membrane pore radius and active layer thickness used are reproduced in Appendix B (further 
details in reference (65)).  
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4.3. Known trends on selectivity 
In this section, the metric 𝑀 for various feed conditions are obtained from the commercial 
software, ROSA created by Dow. As discussed in section 4.4, these trends are also predicted by 
the NF model used presently. This paper explains these results using the approach developed in 
section 4.2.1. Fig. 4-2 shows the ratio of 𝑀 values for the feed composition labeled on the 
horizontal axis, by that of composition A at reference conditions (22oC and 10 bar applied 
pressure).  For both the NF90 nanofiltration membrane and the SW30 reverse osmosis membrane, 
common trends (increase or decrease from the reference state) are: 𝑀 decreases at the higher 
temperature (the first bar is below 1); compositions B, C and D are in decreasing order of 
magnitude, with the ratio for B greater than 1; and the 𝑀 value for E is smaller than A under the 
same operating conditions.   
        
Fig. 4-2a                     Fig. 4-2b 
Fig.4-2: Increase or decrease of M compared to the reference state of composition A (22oC and 
10 bar applied pressure) for various feed compositions, from ROSA. For both the nanofiltration 
(NF90) and reverse osmosis membrane (SW30), 𝑀 decreases at the higher temperature; values 
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for compositions B, C and D are in decreasing order of magnitude, with B greater than 1; and the 𝑀 value for a higher salinity feed (E) is smaller than A under the same operating conditions. 
 
4.4. Results and Discussion 
In this section, the variation of 𝑀 due to change in temperature, pressure and membrane charge 
will be studied using the NF modeling mentioned in Section 4.2.2. Trends obtained from this 
modeling match those obtained from ROSA, as described in Section 4.3. However, this modeling 
approach provides values of salt and water flux necessary for explanations in subsequent sections. 
Furthermore, the membrane charge and mass transfer coefficient can be independently varied, 
thereby allowing the study of these effects individually on 𝑀. A small patch of membrane is 
modeled (so that there is no variation of flow conditions along the membrane surface), instead of 
a full-scale NF unit. Trends obtained from ROSA are qualitatively reproduced using this model 
and results on salt flux (𝐽¦) and water flux (𝐽7) obtained can be used to explain these trends. Other 
than Section 4.5, applied pressure is kept constant at 10 bar. 
 
4.4.1. Why fractionation worsens at higher temperature 
As shown earlier, the primary metric for fractionation performance, 𝑀 = 𝐶.,l 𝐶.,»ÆÇÈµ  
decreases with an increase in temperature. From Section 4.2.1, the decrease in 𝑀 occurs when the 
relative change in permeate concentration of sodium-chloride is less than that of sodium-sulfate. 
Re-writing Eq. 4-5a and 4-5b for the change in temperature, the conditions can be expressed as: 
¥Δ𝐶.,»ÆÇÈ|»»	Éy	½¾y¼𝐶.,»ÆÇÈ|»»y¼ > Δ𝐶.,l|»»	Éy	½¾y¼𝐶.,l|»»y¼ § (4-7a) 
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¥Δ𝐽»ÆÇÈ|»»	Éy	½¾y¼𝐽»ÆÇÈ|»»y¼ > Δ𝐽l|»»	Éy	½¾y¼𝐽l|»»y¼ § (4-7b) 
 
The above conditions are satisfied because the denominators in the ratios for Na2SO4 are 
significantly smaller than those for NaCl. Given that the NF and RO membranes are typically 
negatively charged, the restricting factor in sodium-sulfate flux is the membrane’s repulsion of the 
sulfate ion. Consequently, the sodium-sulfate flux is small enough to result in a large value of the 
ratios in Eqs. 4-7a and 4-7b. Solute flux and permeate concentrations for both salts increase with 
temperature, but the relative changes are different, which ultimately determines the change in 𝑀. 
Figures 3a and b show the relative (percentage) change in permeate concentration and salt flux for 
sodium chloride and sodium sulfate going from 22 to 50oC (used in Eqs. 4-7a and 4-7b 
respectively) at constant applied pressure of 10 bar). 
As indicated in section 4.1, the rejection ratio (defined as 1 − 𝐶9,¦ 𝐶.,¦µ  for NF (7,22,46)) can 
mislead the membrane operator to conclude that selective removal of sodium sulfate is higher at 
the higher temperature. Referring to Fig. 4-3d, the decrease in rejection ratio for Na2SO4 is much 
smaller (less than 1%) than that of NaCl (around 20%) from 22 to 50oC. The small drop in rejection 
ratio for Na2SO4 seems to indicate that its permeate concentration barely changed with 
temperature. However, the permeate concentration of Na2SO4 increased by several factors more 
than NaCl as shown in Fig. 4-3a.   
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Fig. 4-3a.       Fig. 4-3b. 
           
          
Fig. 4-3c                                  Fig. 4-3d 
 
 
 
Fig. 4-3: The selectivity metric, 𝑀, decreases at the higher temperature. Figures 4-3a and 4-3b 
show the relative (percentage) increase in permeate concentration and salt flux Êlx,¹lx,¹ 	HI	·¸y¼	 
and ÊË¹Ë¹ 	HI	·¸y¼	respectively (used in terms in Eqs. 4-7a and 4-7b) and depict the larger 
relative increase in sodium-sulfate permeate concentration and solute flux, compared to those of 
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sodium-chloride. The larger magnitudes of relative change for sodium sulfate result in the 
decrease in 𝑀 at the higher temperature, as shown in Fig 4-3c. Figure 4-3d shows the rejection 
ratio 1 − 𝐶9,¦ 𝐶.,¦µ  for the two salts at both temperatures. Results in Fig. 4-3 are for feed 
composition A but similar trends hold for the others. 
 
 
 
4.4.2.  Negatively charged membranes are advantageous for 
fractionation 
Nanofiltration membranes develop a charge in solution, determined by feed solution pH and ion 
adsorption propensity from the feed solution. As shown in Fig. 4-4a, the fractionation metric, 𝑀, 
is higher when the membrane is negatively charged under the operating conditions.  The improved 
selectivity between NaCl and Na2SO4 with negatively charged membranes is due to the stronger 
response of the bivalent SO42- ion to the increased Donnan exclusion, compared to the monovalent 
Cl- ion. Figures 4-4b and c show that the flux of both ions reduces going from a neutral membrane 
charge (𝐶- = 0	𝑚𝑜𝑙/𝑚Ì) to a negative charge value (𝐶- = −|𝐶-|	𝑚𝑜𝑙/𝑚Ì). However, the 
relative decrease in solute flux is higher for sodium-sulfate. 
Re-writing Eq. 4-5b to reflect these changes,  
 ~𝐽»ÆÇÈ	|¼ÍÎ|¼Í| − 𝐽»ÆÇÈ	|¼ÍÎ¾𝐽»ÆÇÈ	|¼ÍÎ¾ < ~𝐽l	|¼ÍÎ|¼Í| − 𝐽l	|¼ÍÎ¾𝐽l	|¼ÍÎ¾ 	 
 
(4-8) 
 
Hence, the selectivity to sodium-sulfate measured by the 𝑀 value increases moving to more 
negatively charged membranes. The above explanation is similar for the positive membrane 
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charge, where sulfate ions still experience stronger exclusion due to their larger size. Accordingly, 
the change in 𝑀	from 𝐶- = 0 to +|𝐶-|	𝑚𝑜𝑙/𝑚Ì is less significant compared to that from 𝐶- = 0 
to −|𝐶-|	𝑚𝑜𝑙/𝑚Ì.  
 
    Fig. 4-4a 
    
                                 Fig. 4-4b                Fig. 4-4c 
Fig. 4-4. Negatively charged membranes have better selectivity to sodium-sulfate than neutrally 
charged or positively charged membranes, as shown by the 𝑀 values in Fig. 4-4a. This enhanced 
selectivity is due to the stronger Donnan exclusion of sulfate ions, resulting in a more significant 
relative decrease in its solute flux compared to sodium-chloride. 
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4.4.3. Observations on 𝑴at different compositions 
In this section, the four feed compositions, A, B, C and D shown previously in in Fig. 4-1 will be 
compared. All feed compositions considered in this section contain the same overall equivalents 
of anionic species, as explained in Section 4.1. As shown in Fig. 4-5a, 𝑀 decreases in the order of 
the ratio of feed concentrations of NaCl by Na2SO4 𝐶9,l 𝐶9,»ÆÇÈµ . For all cases, however, 𝑀 = 𝐶.,l 𝐶.,»ÆÇÈµ  is larger than 1 (including composition D where the feed molar 
concentration of Na2SO4 is higher than NaCl), since in a negatively charged membrane, the 
Donnan exclusion will affect the SO42- ions in sodium sulfate more strongly. Since the same 
temperature-dependent parameters are used for all compositions, 
lx,ÐÑ¼Ò|½¾y¼lx,ÐÑ¼Ò,»»y¼ and lx,ÐÑ»ÓÔÈ|½¾y¼lx,ÐÑ»ÓÔÈ,»»y¼ are 
equal for all compositions. Hence, the following expression is equal for all compositions (Fig. 4-
5b): 
𝐶.,l|·¸yl𝐶.,l,yl  𝐶.,»ÆÇÈ|·¸yl𝐶.,»ÆÇÈ,ylÕ = 𝑀·¸
yl𝑀yl  
 
(4-9) 
To summarize, for feed compositions that differ only in the ratio of chloride to sulfate charge 
equivalents in the feed, (total anionic charge equivalents in the feed is the same for compositions 
A, B, C and D, ref. Section 4.1) fractionation is easier for those with less sodium sulfate. For all 
such solutions, selective removal of sulfate is less effective at higher temperatures and decreases 
by the same extent.   
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          Fig. 4-5a                                         Fig. 4-5b 
 
Fig. 4-5. The ratio of NaCl by Na2SO4 concentration in the feed (decreasing as B,A,C,D) is 
reflected in the order of decreasing 𝑀 values. 𝑀 for all feed compositions decreases by the same 
factor at the higher temperature. 
 
4.4.4. Fractionation of higher TDS solutions - reduced 𝑴 and 
negative Cl- rejection 
In this section, performance metrics for feed compositions A and E (low and high total salinity) 
will be compared. As reported in previous literature, the rejection ratio of any salt is lower at a 
higher concentration, attributed to the lower Donnan exclusion by the membrane (3,31,59). When 
the feed concentration of a salt is increased, the number of ions available to cross the membrane 
per unit time, i.e., ion flux, is increased. To allow the increased passage of membrane co-ions (ions 
with the same charge as the membrane), the Donnan potential (and hence Donnan exclusion) 
decreases in magnitude. Since sulfate ions have higher negative charge than chloride ions, the 
decrease in Donnan exclusion allows the increase in 𝐽»ÆÇÈ to be several times larger than that of 
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𝐽l. The relative increase in salt flux (Eq. 4-5b) is higher for sodium sulfate than sodium chloride 
(from composition A to E, the feed concentration of both salts increase by 10 times, and the salt 
flux increased by 12 times and 305 times for NaCl and Na2SO4 respectively). Consequently, the 
metric 𝑀 reduces at the higher concentration.  
A further consequence of the significant increase in sodium sulfate flux is that Δ𝐽»ÆÇÈ|	HI	·¸yl 𝐽»ÆÇÈ|ylµ  is lower for the higher concentration mixture (the denominator is 
significantly larger than lower concentration case). Hence, the decrease in 𝑀, ~𝑑𝑀 𝑀 , is lower 
for the higher salinity case. Mathematically expressed by re-writing Eq. 4-5b (also shown in Fig. 
4-6b): 𝑑𝐽»ÆÇÈ𝐽»ÆÇÈ − 𝑑𝐽l𝐽l ¤n,	HI	·¸yl < 𝑑𝐽»ÆÇÈ𝐽»ÆÇÈ − 𝑑𝐽l𝐽l ¤Ö,	HI	·¸yl  
 
(4-10a) 
⇒ 𝑑𝑀𝑀 n,	HI	·¸yl < 𝑑𝑀𝑀 Ö,	HI	·¸yl  (4-10b) 
 
Several studies have reported negative rejection ratio in a ternary mixture of ions (26,66). As 
mentioned earlier, the rejection ratio decreases when the total salinity increases. Hence, the 
possibility of negative rejection is enhanced at higher salinity. In a negatively charged membrane 
(the case for most polyamide NF membranes), the rejection ratio of NaCl is smaller than that of 
Na2SO4. As shown in Fig. 4-6c, the reduction of rejection ratio at the higher salinity is large enough 
so that the value for NaCl becomes negative (compare Fig. 4-3d for the lower salinity case).  
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                           Fig. 4-6a            Fig 4-6b 
 
Fig. 4-6c       
  
Fig. 4-6 The 𝑀 value for the higher salinity composition is lower due to decreased Donnan 
exclusion, which affects sulfate ions more significantly. Rejection ratio of both salts decreases at 
higher feed salinity, and can result to negative rejection for sodium-chloride. 
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4.4.5. Response of 𝑴 to pressure variation 
4.4.5.1. Change in Selectivity 
The framework developed above can be used to explain the pressure-dependence of metric 𝑀. As 
shown in Fig. 4-7a, 𝑀 decreased at the higher applied pressure of 20 bar, compared to values at 
10 bar for both compositions A and E.  Furthermore, the decrease is less significant for the higher 
salinity composition E. The lower 𝑀 at higher pressure is explained similarly to the effect of 
increased temperature on both compositions (section 4.4.1.): relative increase in 𝐽»ÆÇÈ  due to 
pressure increase is larger than that for 𝐽l due to the smaller denominator in the expression for Δ𝐽¦ 𝐽¦ .  
As explained in the previous section, 𝑀 is smaller for a higher salinity mixture under given 
operating conditions due to reduced Donnan exclusion. Hence, the denominator in the expression 
for relative change in solute flux 
Δ𝐽»ÆÇÈ|¸	HI	¸	×J 𝐽»ÆÇÈ|¸	×J	µ is larger at higher salinity 
(causing the ratio to be smaller): 𝑑𝐽»ÆÇÈ𝐽»ÆÇÈ − 𝑑𝐽l𝐽l ¤n,¸	HI	¸	×J < 𝑑𝐽»ÆÇÈ𝐽»ÆÇÈ − 𝑑𝐽l𝐽l ¤Ö,¸	HI	¸	×J (4-11a) 
⇒ 𝑑𝑀𝑀 n,¸	HI	¸	×J < 𝑑𝑀𝑀 Ö,¸	HI	¸	×J (4-11b) 
 
The reduced value of the ratio 
Δ𝐽»ÆÇÈ|¸	HI	¸	×J 𝐽»ÆÇÈ|¸	×J	µ at higher concentration can 
extend to the case that 
Δ𝐽»ÆÇÈ|¸	HI	¸	×J 𝐽»ÆÇÈ|¸	×J	µ < Δ𝐽l|¸	HI	¸	×J 𝐽l|¸	×J	µ , in 
which case 𝑀increases at higher pressure.  
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Fig 4-7a                  Fig 4-7b 
Fig. 4-7 𝑀 values are smaller for the higher salinity composition, and the relative change with 
pressure increase is lower. 
 
4.4.5.2. The concept of ‘Breakthrough’ 
When concentration polarization (CP) exists in the system, rejection ratio will decrease beyond a 
particular pressure (67,68). The point at which this reduction occurs is referred to as ‘breakthrough’ 
in this work.  A mathematical description for why this occurs and the implications on the change 
of 𝑀 with pressure change are discussed in this section.  
Equation 4-8b can be written in words to show the terms that contribute to salt build-up (𝐽7𝐶,¦)or 
reduce salt build-up (−𝐾899(𝐶,¦ − 𝐶9,¦)) in the CP boundary layer. These two components can 
be referred to as ‘towards membrane’ (𝑇𝑀) or ‘towards feed’ (𝑇𝐹) respectively: 𝐽7𝐶.,¦ = 𝑡𝑜𝑤𝑎𝑟𝑑𝑠	𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒	(𝑇𝑀) + 𝑡𝑜𝑤𝑎𝑟𝑑𝑠	𝑓𝑒𝑒𝑑	(𝑇𝐹) (4-12a) 
 
⇒ 𝐶.,¦ = (𝑇𝑀)𝐽7 + (𝑇𝐹)𝐽7  (4-12b) 
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Equation 4-12b can be written for any pressure 𝑃, and a pressure value a slightly lower than 𝑃	(=𝑃 − 𝛿𝑃). The subtraction of the latter equation from the first can be written as: 
Δ𝐶.,¦Å(ØÙÚØ)HI	Ø 	= Δ (𝑇𝑀)𝐽7 ¤(ØÙÚØ)HI	Ø + Δ (𝑇𝐹)𝐽7 ¤(ØÙÚØ)HI	Ø (4-12c) 
 
Breakthrough occurs for each salt when the following condition is satisfied i.e. 𝑇𝑀 grows faster 
than 𝑇𝐹 (depicted in Figs. 4-8a and 4-8b): 
ÛΔ (𝑇𝑀)𝐽7Δ (𝑇𝐹)𝐽7 Û > 1 (4-12d) 
 
        
                               Fig 4-8a              Fig 4-8b 
 
 
 
Fig. 4-8 When concentration polarization exists in a system, the rejection ratio (left y-axis) 
decreases beyond a certain pressure. At this pressure, the convective transport towards the 
membrane grows faster than the diffusive salt flux back to the feed (the ratio on the left-hand 
side of Eq. 4-12d becomes > 1). The breakthrough point for both salts (when concentration 
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polarization (CP) exists in the system) is shown at the point where rejection ratio starts dropping 
and the left-hand side of Eq. 4-12d (dashed lines) rises above 1. 
 
Figure 4-8 also shows that when CP is not present, the rejection ratio continues to increase with 
pressure (and will at some point reach a plateau). For the pressure range plotted, the continuing 
increase of rejection ratio indicates a decrease in permeate concentration with pressure. 
Consequently, the relative change in 𝐶.,¦ is negative for both salts in this regime (Fig. 4-9a). 
Furthermore, the magnitude of relative decrease in 𝑀 without CP is smaller than if breakthrough 
occurs, as shown in Fig. 4-9b. These findings indicate that in an industrial system, if the decrease 
in 𝑀 due to pressure increase is to be minimized, increasing flow rate (or other steps to increase 
mass transfer coefficient 𝐾¦) should be undertaken.  
    
Fig 4-9a              Fig 4-9b 
 
Fig. 4-9 The increasing rejection ratio with applied pressure when there is no CP indicates that 
the relative change in permeate concentration is negative for this regime. When CP is present in 
the system and ‘breakthrough’ occurs, the permeate concentration increases. The relative 
decrease in selectivity metric 𝑀 is lower when there is no CP, so taking measures to increase 
mass transfer coefficient will improve membrane selectivity. 
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4.5. Chapter 4 conclusions 
The framework to analyze membrane selectivity applied to explain the effect of temperature, 
pressure, feed composition and membrane charge provides the following insights: 
1. The ability of a membrane to selectively remove multivalent ions over monovalent ions 
reduces at higher temperature.  
2. Membranes that acquire negative charge in solution are best for sulfate-chloride fractionation. 
Consequently, for higher temperature applications, operating conditions and membrane 
characteristics that favor a negative acquired charge are desirable. For example, higher 
operating feed pH, membranes that exhibit enhanced anion-adsorption capacity or functional-
group dissociation to enhance negative membrane charge, are preferred at higher temperature. 
3. The desired membrane properties at higher temperature also depends on the feed composition. 
For example, fractionation efficiency for solutions with higher TDS will not decrease as 
drastically at higher temperature, hence the requirement of increasing negative membrane 
charge will not be as significant, compared to applications involving lower TDS feed. 
4. Selectivity reduces at higher operating pressure, especially if concentration polarization (CP) 
is present in the system. Consequently, steps to increase mass transfer coefficient in the 
system, such as increased feed flow rate and improved feed spacers are desirable. 
Furthermore, controlling the ‘build-up’ of the CP layer, by reducing permeate flux will also 
improve selectivity. 
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5. Generalized pore flow model for forward 
osmosis, reverse osmosis, and nanofiltration 
5.1. Introduction 
In recent literature, reverse osmosis (RO) and forward osmosis (FO) are commonly modeled by 
the solution–diffusion (SD) theory (13–16).  However, over the years, several authors have 
proposed several different models, especially for RO and nanofiltration (NF) (3,37,43,69–71). 
These models are broadly classified as either SD or pore flow (72). The major difference between 
these two approaches is the lack of convective solute transport in the SD model, i.e., the SD model 
considers no solute motion as a result of being carried by water flux through the membrane (73). 
Because SD is both mathematically simple and commonly used, its use is widespread. However, 
the SD model has limitations. For example, SD neglects solute convection, and it is impossible to 
capture potential effects of convective solute transport using this model. In the current study, a 
general model that works for NF as well as dense membranes (RO and FO) is developed. This 
model includes all possible modes of transport and is validated against experimental data for FO 
and RO. The governing equations shown have been widely implemented for NF (3,25,29) and in 
this work they are extended to use in RO and FO. 
5.1.1. Traditional pore flow versus traditional solution–diffusion (SD)  
Table 5-1 delineates the differences between the traditional pore flow and SD models. The 
traditional SD model denotes the model discussed by Wijmans and Baker (72), which is the most 
commonly used form of the SD model (13–16). 
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Table 5-1: Comparison between the traditional pore flow and solution–diffusion (SD) models 
 
 
 
 
 
Characteristic  
 
 
 
 
 
Traditional pore flow 
 
 
 
 
 
 
 
Traditional solution–diffusion  
 
 
 
 
Primary difference: 
inclusion of convective 
solute transport 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Yes 
 
 
 
 
 
 
 
 
 
 
No 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nature of modeling 
parameters 
 
 
 
 
 
 
 
 
 
 
 
 
 
Physical membrane 
characteristics (e.g., pore 
radius, etc.) 
 
 
 
 
 
Phenomenological coefficients 
that quantify individual fluxes 
(e.g., solute permeability) 
 
 
 
 
 
 
Factors determining 
solute entry into 
membrane 
 
 
 
Exclusion (based on size, 
charge, etc.) 
 
 
 
 
 
 
 
 
 
 
 
 
Sorption coefficient 
Mode of water entry 
into membrane 
 
 
 
 
 
 
 
 
Flow 
 
 
 
 
 
 
Sorption 
 
 
 
A more sophisticated SD model is discussed by Yaroschuk et al. (73,74) (cf. Section 5.1.3) in 
which the transport of solute species through the membrane occurs by diffusion and 
electromigration and the phenomenological coefficients can provide information on the extent of 
exclusion by means of mechanisms other than sorption.  
As mentioned previously, the SD model is the most prevalent model for RO and FO. This wide 
use is partly the result of its inherent simplicity and partly because it provides reasonably good fits 
to experimental data (15,72). Indeed, as stated by Wijmans and Baker (72), the solution diffusion 
model has been considered since the 1980s to be the most accurate theory for membrane processes 
that use dense membranes such as RO. Furthermore, Wijmans and Baker prescribe the pore 
diameter lower limit for the applicability of the pore flow model to be ~0.5 nm, implying that the 
usefulness of the pore flow model disappears for membranes tighter than NF membranes (such as 
those in RO).  
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Nevertheless, pore flow models of RO have been introduced and validated in several cases 
(69,75,76). These models fall within the purview of the traditional pore flow models described in 
Table 5-1. The pore flow model discussed by Wijmans and Baker (72) (initially introduced by 
Okada and Matsuura (77)) was only the precursor to several more sophisticated models. The 
simple model introduced by Okada and Matsuura considered steric exclusion to be the sole 
rejection mechanism, assumed that solvent transport is governed by the Darcy equation, and 
approximated solute transport by a simple expression using a solute transport parameter. Models 
that included both the diffusive and convective modes of solute transport and solute-membrane 
interaction potentials were introduced by many authors. Those introduced by Anderson et al. 
(35,36),  Matsuura and Sourirajan’s Surface Force-Pore Flow (SF-PF) (75)  and  Mehdizadeh and 
Dickson’s Modified Surface Force-Pore Flow (MD SF-PF) (78) are among the best-known models 
that emerged.  
5.1.2. The evolution of sophisticated pore flow models for electrolytes  
Subsequently, pore flow models for electrolyte transport that used the Extended Nernst-Planck 
(ENP) equation for solute transport were introduced (3,37,70). The Extended Nernst-Planck 
equation adds an electromigrative term to the convective and diffusive terms that were already 
accounted for in the models of Anderson (35,36), the SF-PF (75) and MD SF-PF models (78).  The 
Space Charge (SC) model (79) and the Teorell-Meyer-Sievers (TMS) (37) model were two such 
models. Tsuru et al. (70) were the first to use the TMS model for reverse osmosis. The Donnan 
Steric Pore Model (DSPM) (31,80) and its variant, the Donnan Steric Pore Model with Dielectric 
Exclusion (DSPM-DE) were introduced for NF (the two most well-known versions of the DSPM-
DE were that by Geraldes et al. (29), considering only the Born solvation effect, and that by 
Bandini et al. (30), considering primarily the effect of image charges). The DSPM is very similar 
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to the TMS model, but also considers steric (size-based) exclusion at the pore entry in addition to 
the Donnan (charge-based) exclusion effect included in the TMS model. The DSPM-DE includes 
yet another exclusion mechanism: dielectric exclusion (29).  
5.1.3. Generalized SD for loose and dense membranes   
In more recent years, Yarhoshchuk et al. (73,74) have implemented a model that is mathematically 
simpler than the aforementioned models for NF (the DSPM and the DSPM-DE), and can be used 
for both NF and RO. Yarhoshchuk et al. use phenomenological permeation coefficients that 
account for both the resistance to motion within the membrane and the exclusion effects at the 
pore openings. This model is derived from the Nernst-Planck equation and includes only the 
electromigrative and diffusive terms, effectively making it an SD model. Yaroshchuk et al. (73) 
were able to validate this solution diffusion model for even a loose NF membrane, the NF270 
membrane, thus establishing that high solute permeability is not necessarily associated with 
convective coupling.  
5.1.4. Free volume elements in membranes  
Despite the success of the SD model in simulating RO, FO, and NF, evidence supports the 
occurrence of pore flow in dense membranes such as RO membranes: pores (free volumes) have 
been detected in RO membranes (11,12).  Researchers at Toray Industries published measurements 
of free-volume diameter in their RO membranes using positron-annihilation lifetime spectroscopy 
(PALS); they also found that increasing membrane pore size correlated with decreasing rejection 
of boron (in the form of boric acid) (12). Other researchers have also conducted PALS on 
commercial RO and NF membranes and have detected free volume elements (11,81). Recent 
molecular dynamics simulations have considered free voids in reverse osmosis membranes (82). 
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The presence of free volume elements in membranes is not surprising; a perfectly dense material 
is an idealization. However, the permanence of free voids in dense membranes is the subject of 
some debate. Wijmans and Baker (72) conjectured that the presence of pores and hence the validity 
of the pore flow mechanism in membranes is based on the “relative permanence” of the free 
volume elements/pores. They state that the free voids in RO membranes are merely statistical 
fluctuations which appear and disappear on a time scale similar to that of the motion of species 
within the membrane and hence they cannot be considered as discrete pores. However, as 
mentioned previously, the authors of References (11,12) have stated that there is a direct 
correlation between free volume radius and permeability of water and solutes in RO membranes, 
which demonstrates that the free voids play an important role in determining RO membrane 
performance. The work of Paul (83), in addition to a revised version of Wijmans’ SD model, 
considers the Maxwell-Stefan model for RO. Paul discusses the possibility of frictional coupling 
of solute and solvent fluxes and concludes that while such coupling is possible, the observable 
effect on experimental measurements (of rejection ratio) in RO are likely to be negligible in most 
cases. Moreover, Fujioka et al. (11) showed, using PALS measurements, that the free volume 
radius has only a small difference among NF, low pressure RO and seawater RO membranes. This 
finding conflicts with the thought that NF membranes are porous (3) and RO membranes are non-
porous (72).   
In some cases, the failure of the SD model to agree with experimental data can be explained only 
by the presence of convective flow within the membrane (84,85). Indeed, some authors have 
shown that many RO membranes cannot be modeled accurately by the SD approach due to 
imperfections in the membrane active layer, the occurrence of convective flow in the active layer, 
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and various solute-solvent-membrane interactions that are not captured by the SD theory 
(69,70,84,85). 
5.1.5. Focus of the present work 
In the present work convective transport of solutes, in addition to diffusion and electromigration, 
is incorporated into a general model of transport through RO and FO membranes. Size-based 
(steric) and charge-based (Donnan) exclusion mechanisms are included. All transport modes 
within the membrane are modified according to the hindered transport theory to account for the 
similar size of water and solutes relative to the pores. The incorporation of convective transport, 
size-based exclusion, and hindered transport theory qualify the current model as a pore flow model. 
The approach taken in this work is to try, at first, to validate the general model that includes all 
possible modes of transport with RO and FO experimental data from multiple sources. If the model 
fails to match experiments, the model will be modified based on physical insights on solute 
transport in RO and FO in literature until the model predictions match experimental data.  
As will be discussed, the findings indicate that the RO model agrees with experimental data in the 
unaltered form, even better than the SD model. However, the current model cannot agree with 
experimental data for FO unless the convective mode of solute transport is removed. This 
conclusion implies that the transport of solutes through the membrane in FO mode is diffusion-
dominated, thereby requiring the modeling approach to reduce to SD. The difference in the RO 
and FO modeling approaches can be explained by the difference in states of pressurization of the 
membrane. In the RO mode, the application of pressure may lead to a significant convective 
coupling effect, such that the solute is ‘carried’ by the water flow. This effect is absent in FO. 
Another possible explanation is that the convective coupling in FO may be present, but would be 
more accurately accounted for by a more sophisticated approach such as the Maxwell-Stefan 
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model, which accounts for each type of inter-species interaction individually.  Moreover, our 
conclusion establishes a connection between the concepts of diffusion-dominated transport with 
the detection of free volume in membranes. As explained in Table 5-1, by definition, pore flow 
models are traditionally considered to include the convective mode of transport. Our conclusion is 
that a membrane can contain pores (free volume) and thus solute selectivity can be due to a 
combination of steric and charge-based effects while the convective coupling effect is absent, as 
found in the FO mode.  From the perspective of modeling convenience, the current approach is 
advantageous over the traditional SD model in two ways: first, the model gives individual solute 
fluxes of each ion present. Second, the number of fitting parameters required by the model does 
not depend upon the number of constituents in solution, but rather on the physical characteristics 
of the membrane. 
5.2. Governing equations 
Figures 5-1a and 5-1b show the governing equations on schematic diagrams of an asymmetric 
polymeric membrane in pressurized and unpressurized modes, respectively. Since the governing 
equations are nonlinear ordinary differential equations, numerical implementation was done by 
linearization and discretization in a manner similar to that in Ref. (29). The solution was obtained 
by Newton’s method and was implemented using MATLAB v2015b.  
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Figure 5-1a: Schematic diagram of an asymmetric polymeric membrane in a pressure-driven 
mode, such as RO or NF. Refer to the nomenclature for variable definitions. 
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Figure 5-1b: Schematic diagram of an asymmetric polymeric membrane in FO mode. In this mode 
of use, salt and water transport are driven by the osmotic pressure gradient across the membrane. 
Refer to the nomenclature for variable definitions. 
 
 
5.2.1. The Extended Nernst-Planck equation for ion transport in 
the active layer 
In the current work, the transport of each ionic species 𝑖 through the active layer is modeled using 
the Extended Nernst-Planck equation (ENP) (69). The ENP considers three simultaneous and 
linearly additive modes of ionic transport through the membrane: diffusion, electromigration, and 
convection. Applied to a porous medium, the ENP is: 
𝐽q,.IJ8 = −𝐷q,.IJ8 ;lw,xyz{;Ü − wlw,xyz{ow,xyz{Ý 𝐹 ;Þ;Ü + Kq,:𝐶q,.IJ8𝐽7, \\\\\\\\\ \\\\\\ \\\\\\\ \\\\\\ \\\\\\ \\\\\\\ \\\\\\ \\\\\\ \\\\\\\ \\\\\\ \\           (5-1) 
 
where 𝑥;  is the effective distance for diffusion through a porous medium. As mentioned in Ref. 
(84), the ENP provides a complete framework for modeling ionic transport through membranes; 
the only major assumptions being the linear relation between the diffusive flux and its activity 
gradient and the neglect of solute–solute interactions. The main purpose of models based on the 
ENP is to model membrane properties and transport mechanisms as realistically as possible. 
Implementation of molecular dynamics to model polymeric membranes is limited due to their 
complexity and the lack of adequate knowledge of membrane structure and properties (86). 
5.2.2. Hindered motion through pores in the active layer 
The ‘Hindered transport theory’ accounts for the constricted motion of solutes within membrane 
pores and the resulting interactions between the solute species and the pore wall. This is 
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implemented by modifying each term of the ENP by hindrance coefficients. The hindered transport 
theory has already been implemented successfully for transport of uncharged solutes through FO 
membranes (87). In Ref. (87), the authors used the simplified expression for rejection ratio derived 
by Bowen et al. (3) for uncharged solutes to characterize pore radius. They consider concentration 
polarization using film theory, which can be derived from the ENP if the electromigration term is 
removed (cf. Eq. 5-1 below). In Ref. (87), the pore radii of FO membranes were determined to be 
similar to that of loose NF membranes, such as the NF270 (𝑟.IJ8 ≅ 0.43	nm). In other studies, 
empirical measurement of the pore radii of certain RO and NF membranes indicated pore radii of 
these membranes were between 0.24-0.3 nm; the pore size of NF membranes fell on the larger end 
of the spectrum compared to RO membranes (11,12). As explained in detail in Section 5.6.2, the 
large values of FO pore size fitted in Ref. (87) compared to those in the current work is explained 
by the smaller Stokes radius of sodium and chloride ions compared to that of uncharged solutes 
used in (87). 
The intra-pore diffusion coefficient is the product of the hindrance coefficient for diffusion and 
the bulk diffusivity of a given solute: 
  𝐷q,.IJ8 = 𝐾q,;𝐷q,u.      (5-2)
  
This modified diffusion coefficient is used in the diffusion and electro-migration terms of the ENP 
(Eq. 5-1). Similarly, the factor 𝐾q,: is used to modify the convection term in Eq. 5-1 to account for 
hindered convective transport within the membrane (third term in Eq. 5-1). For NF studies, 
correlations have been derived semi-empirically for 𝐾q,; and 𝐾q,:  and are given in Appendix D. 
Although termed “hindrance” coefficients (3,29), 𝐾q,; and 𝐾q,:can be interpreted as weighting 
factors for their transport mode. The value of  𝐾q,; ranges from 0 to 1. It takes a value of zero when 
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the solute is as large as or larger than the pore (in which case there is no diffusion i.e. diffusion is 
entirely hindered leading to zero intra-pore diffusivity).  𝐾q,; is equal to 1 when the solute is much 
smaller than the pore because the ion can diffuse freely in the pore without hindrance (i.e., the 
intra-pore diffusivity is equal to the bulk diffusivity). The trend of variation of 𝐾q,: with variation 
in the solute radius to pore radius ratio,  JwJxyz{, is more complicated. 𝐾q,: → 1 for  JwJxyz{ → 0	 and  JwJxyz{ → 1 in the case of cylindrical pores (88). For intermediate values of  JwJxyz{, 𝐾q,: is greater 
than 1 and reaches a maximum value of approximately 1.5. The derivation of 𝐾q,:	 from 
macroscopic hydrodynamics is discussed in Ref. (88).  
5.2.3. Partitioning equations describing ion exclusion at 
membrane–solution interfaces 
Partitioning describes the extent to which entry of ions into the membrane is permitted. Effects 
such as sieving (steric exclusion) and charge-based exclusion (Donnan exclusion) by the 
membrane determine the extent of partitioning, which is quantified by the ratio of ions within the 
membrane to that outside the membrane (cf. Eqs. 5-4 and 5-5). 
5.2.3.1. The Steric partitioning factor 
The existence of pores in the membrane gives rise to steric hindrance of ionic species attempting 
to enter the membrane. Steric hindrance is a sieving effect through which solute species larger than 
the membrane’s pores are inhibited from entering the membrane. The steric hindrance effect is 
quantified by means of the steric partitioning factor Φq, which is given by Eq. 5-3 (3,35). The 
value of Φq lies between 0 and 1.  The variation of Φq is explained as follows: if ion 𝑖 is comparable 
in size to the pore, 𝑟q ≅ 𝑟.IJ8 and JwJxyz{ → 1; correspondingly, Φq → 0 as per Eq. 5-3. Thus, in the 
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limit of Φq → 0, the ion cannot enter the membrane due to size-based exclusion. Similarly, in the 
limit that the ion is much smaller than the pore dimension, Φq → 1 and the ion experiences no size-
based exclusion.  
  Φ𝑖 = 1 − JwJxyz{      (5-3) 
 
5.2.3.2. Donnan exclusion 
A membrane potential develops due to the difference in mobilities of the various ions traversing 
the membrane (29). This membrane potential serves to balance the transport of membrane counter-
ions and co-ions in the membrane and maintain quasi-electroneutrality within the membrane. The 
difference between the values of the membrane potential just within the membrane on the feed 
side (at the pore-opening) and that in the bulk feed solution is termed as the Donnan potential on 
the feed side, Δ𝜓o,. Correspondingly, the difference in potential value at the pore-opening on the 
permeate side and in the permeate bulk is the Donnan potential on the permeate side, 	Δ𝜓o,.. Δ𝜓o,	and Δ𝜓o,.	are schematically represented in Fig. 5-2. These Donnan potentials at each 
membrane-solution interface give rise to Donnan exclusion on the corresponding faces of the 
membrane. Donnan exclusion serves to increase the concentration of ions within the membrane 
that have charge (valence) opposite to the sign of the Donnan potential. Conversely, the intra-
membrane concentrations of ions that have the same sign of charge as the Donnan potential are 
reduced due to the action of the Donnan potential. These effects of the Donnan potential on solute 
partitioning are termed Donnan exclusion effects, which is slightly misleading because certain ions 
(depending on their charge) are actually attracted into the membrane due to the Donnan potential. 
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5.2.3.3. Equilibrium boundary conditions on membrane surfaces 
For RO and NF, the combination of the steric and Donnan exclusion effects is quantified in Eqs. 
5-4 and 5-5 for the feed and permeate sides, respectively. Since exclusion effects determine the 
extent of partitioning of concentrations between the bulk solutions and the membrane, they are 
also known as partitioning equations. These equations provide the ratios between the ionic 
concentrations for each species within the pore-opening by the concentration outside the 
membrane. A higher value of this ratio implies that the ion is better able to enter the membrane 
and experiences less exclusion overall due to the combination of steric and Donnan effects.  
𝛾q,.IJ8𝐶q,.IJ8𝛾q,𝐶q, = Φq 𝑒𝑥𝑝 − 𝑧q𝐹𝑅ã𝑇𝜓o,¤qG	
 
 
 
 (5-4) 
𝛾q,.IJ8𝐶q,.IJ8𝛾q,.𝐶q,. = Φq 𝑒𝑥𝑝 − 𝑧q𝐹𝑅ã𝑇𝜓o,.¤IH 
 
 
                                                         -(5-5) 
 
For FO, Eqs. 5-4 and 5-5 still apply, except that the subscript p in Eq. 5-5 refers not to the permeate 
side but to the point within the support layer shown in Fig. 5-1b. 
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Figure 5-2: Schematic diagram of partitioning mechanisms in an RO/NF membrane. The Donnan 
potentials on the feed side and permeate side are shown. The mechanism of steric exclusion is 
represented. 
5.2.4. Removal of charge-based exclusion effects  
Literature on both molecular dynamics and continuum modeling of NF membranes tends to 
include effects of both dielectric exclusion and membrane charge. A notable drawback of pore 
flow models that include these effects is the need for several fitting parameters (73). The most 
comprehensive existing model of NF (25,29) requires four parameters: pore radius, membrane 
effective thickness, membrane volumetric charge density and pore dielectric constant. The 
procedure for fitting these parameters requires an elaborate, multi-step experimental procedure 
(25,33,39). Membranes used for NF, reverse osmosis and forward osmosis develop a membrane 
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charge in solution (31,38,69,70,87,89). This membrane charge results from the dissociation of the 
functional groups in solution and gives rise to a zeta potential, which is most commonly a negative 
value for solutions at near neutral pH. In terms of modeling, the membrane charge is usually 
represented by a membrane volumetric charge density, which is assumed to be uniform throughout 
the membrane active layer (3,25,29). The volumetric membrane charge density is the most 
problematic fitting parameter because it depends on the concentration of all ions in solution as well 
as solution pH. 
In order to reduce the number of fitting parameters, dielectric exclusion and membrane charge are 
omitted in the current study. Despite these omissions, the proposed model successfully models 
both RO and FO membranes, as shown in Section 5.3. Furthermore, Section 5.6.2 discusses how 
the omission of these effects is necessary to allow simultaneous validation of RO and FO using 
the same set of fitting parameters. It is to be emphasized that the RO and FO data used for 
validation in this work are taken from the same source in literature and obtained from the same 
membrane. Consequently, it was a priority in the current work to use the same membrane 
parameters for both modes of operation. The remarkable fact that despite the very different 
mechanisms of RO and FO, the model could be validated for both processes by fitting only 
membrane geometric parameters indicates that charge effects are not significant for RO and FO. 
In contrast, NF model validation for even salts with only monovalent ions (e.g. NaCl, KCl and 
LiCl) requires contribution of charge-based effects (31). This difference is presumably due to the 
model’s increased sensitivity to charge-based effects at larger pore size ranges. From a modeling 
perspective, for NF membranes, pore sizes of ~1 nm are required to attain a realistic value of 
membrane solvent permeability. Under these circumstances, to validate the model for solute flux, 
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the charge-based effects need to be included in order to attain a desired solute permeability, which 
is over-estimated when only steric effects are considered. 
Additionally, the combination of the Donnan and steric exclusion has been found to be adequate 
for solutions with only sodium chloride (the salt used in the experimental works against which the 
present model is validated) in other literature (31,80). Some authors also find that the Donnan 
exclusion by itself describes certain membrane filtration experiments well. One such case is that 
described by Higa et al. (40), in which the authors validate a model considering only Donnan 
exclusion with experiments using potassium, calcium and chloride ions. Also, as described earlier 
(Section 5.1.2), the TMS model that considers only Donnan exclusion has been validated for RO 
(69,70).    
5.2.4.1. Number of fitting parameters  
One notable characteristic of the current model is that the fitting parameters characterize the 
membrane itself, irrespective of the species in solution. As a result, the number of fitting 
parameters does not increase with the number of ions in solution as occurs in the SD model. In the 
current work, the model is utilized to simulate the transport of Na+ and Cl- only; multi-ionic 
simulations might necessitate the inclusion of charge-based fitting parameters (membrane charge 
and/or pore dielectric constant) as. However, these charge-based parameters also convey 
information about the membrane itself, rather than being specific to each individual solute species.  
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5.2.5. Salt transport in the support layer (internal concentration 
polarization) 
The ENP is used to model the ionic transport in the support layer as well. However, since the 
support layer is essentially an ultrafiltration membrane, with pores of the micrometer range (90–
92), the effect of hindered transport is not required. The form of the ENP used is given as follows: 
𝐽q,¦..IJH = −𝐷q,u ;lw,¹;Ü − wlw,¹ow,ºÝ 𝐹 ;Þ¹;Ü + 𝐶q,¦𝐽7,      \\\\\\\\\\\\ \\\\\\\ \\\\\\ \\\\\\ \\\\\\\ \\\\\\ \\\\\\ \\\\\\\ \\\\\\        (5-6) 
where 𝑥;  is the effective distance for diffusion in the porous support layer, which accounts for 
support layer tortuosity or porosity. The most notable difference between the above equation and 
Eq. 5-1 is in the absence of the hindrance factors; as a result, the bulk ion diffusivities, 𝐷q,u, are 
used. The solution of the above equation and the resulting concentrations within the support layer 
determine the extent of internal concentration polarization (ICP), which significantly reduces the 
osmotic pressure difference across the membrane in FO, and hence is undesirable (13,63).  
5.2.6. External concentration polarization 
External concentration polarization (ECP) occurs in membrane desalination processes due to the 
development of a concentration boundary layer between the membrane surface and the bulk 
solutions on both sides of the membrane.  The net solute flux at the feed–membrane interface is 
the sum of diffusive, convective, and electromigrative components as shown in Eq. 5-7 and Figs. 
5-1a, 1b (29): 
𝐽𝑖,𝑚 = −𝑘q,±𝐶q, − 𝐶q,9² + 𝐽7𝐶q, − 𝑧q𝐶q,𝐷q,u Ý 𝜁.    (5-7) 
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In the case of FO, the corresponding mass balance for the ECP layer between the support layer 
and the draw solution (see Fig. 5-1b) is:  
𝐽𝑖,𝑑 = −𝑘q,;±𝐶q,; − 𝐶q,o² + 𝐽7𝐶q,; − 𝑧q𝐶q,;𝐷q,u Ý 𝜁.    (5-8) 
In the two equations above, the bulk ion diffusivities are used because hindered transport does not 
occur outside the membrane.  
The FO experimental data for validation was taken from Ref. (15) in which the crossflow velocity 
on both sides of the membrane was 0.232 m·s-1, but the modeling in that reference does not 
consider ECP. In the current modeling, an expression for external mass transfer coefficient from 
Ref. [4] was used to calculate a value of 1.095×10-4 m·s-1 for the external mass transfer coefficient.  
5.2.7. Constraints on solute fluxes and concentrations 
To ensure no net electrical current through the membrane (since there is no applied potential across 
the membrane) (37,73), 
∑ 𝑧𝑖𝐽𝑖,𝑝𝑜𝑟𝑒𝑁𝑐𝑖=1 = 0.  (5-9) 
Furthermore, to represent steady, one-dimensional salt flux through the membrane, the solute flux 
must be the same across each interface of the membrane: 
𝐽𝑖,𝑝𝑜𝑟𝑒 = 𝐽𝑖,𝑚 = 𝐽𝑖,𝑠𝑢𝑝𝑝𝑜𝑟𝑡 = 𝐽𝑖,𝑑. (5-10) 
Electroneutrality (no net charge in the bulk solution) is imposed within the solutions on both sides 
of the membrane and within the support layer. Since the membrane charge effect is omitted from 
the current modeling, Eq. 5-11 holds within the active layer as well.  
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𝑧𝑖𝐶𝑖𝑁𝑐𝑖=1 = 0 
 
                                             (5-11) 
 
5.2.8. Water Transport  
The expression for water flux used in the current model was derived from the hindered transport 
theory (3,35,36): 
𝐽𝑤 =  𝑟𝑝𝑜𝑟𝑒28𝜈𝜌𝑤Δ𝑥𝑓𝑙𝑜𝑤Δ𝑃𝑛𝑒𝑡 =  𝑟𝑝𝑜𝑟𝑒28𝜈𝜌𝑤Δ𝑥𝑓𝑙𝑜𝑤 ~±𝑃𝑓 − 𝑃𝑝² − Δ𝜋.                                                                 (5-12a) 
This expression is almost identical to the Hagen-Poiseuille equation for laminar flow through a 
bundle of straight pipes with length equal to the active layer thickness δ and open area fraction 
equal to the porosity φ, resulting to an effective length defined as Δ𝑥9I7Ú æ . However, in Eq. 5-
12a, the driving pressure across the length of the pipes is the net driving pressure across the 
membrane, Δ𝑃G8H instead of the applied hydraulic pressure difference ±𝑃9 − 𝑃.² used for 
traditional pipe-flow. The Δ𝜋 enters the expression due to the interrelation between intra-pore 
pressure and solute concentration given by the Gibbs-Duhem equation, as described in detail in 
Ref. (36). In the expression for water flux derived in Ref. (36), Δ𝜋 is multiplied by the Staverman 
reflection coefficient which represents the effect of the solute-pore wall interaction potential; 
however, this water flux equation was later adjusted as described by Bowen et al. (3). As per the 
formulation of Bowen et al. (3), the solute-pore wall interactions are modeled as exclusion 
mechanisms and are represented in the partitioning equations (Eq. 5-4 and 5-5 shown previously); 
for example, the expression for steric partitioning factor given by Eq. 5-3 appears in the expression 
for reflection coefficient in Eq. 20 of Ref. (36).   
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In the current modeling, the osmotic pressure difference across the membrane is given by the van 
’t Hoff relation shown in Eq. 5-12b. This relation is chosen because validation in Section 5.3 will 
be done with respect to data in Ref. (15), in which the applicability of the van ’t Hoff relation for 
the considered concentration range is demonstrated. The authors of Reference (15) validate the use 
of Eq. 5-12b i.e. a linear relationship between osmotic pressure and feed concentration over the 
range of NaCl concentrations used in their experiments. 
Δ𝜋 = 𝑖ç𝑅ã𝑇(𝐶 − 𝐶.)   (5-12b) 
Previous implementations of the DSPM in modeling NF assume that the effective lengths for flow 
and diffusion (Δ𝑥9I7 from Eq. 5-12a and Δ𝑥; from Eq. 5-1) are equal (3,31). This work will 
similarly assume that Δ𝑥9I7 = Δ𝑥; in the bulk of the modeling, but will also test the effect of 
relaxing this assumption in Section 5.3.4. The potential for these effective lengths to differ 
depending upon the transport mechanism is explained in Appendix F. 
5.2.9. Model inputs 
Table 5-2 below provides a list of input parameters to the model. Model validation, which will be 
described in Section 5.3, involves fitting these parameters and using the resulting values to 
elucidate the physics of membrane transport. 
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Table 5-2: Summary of input parameters that will be used in model validation 
 
 
 
 
Parameter 
 
 
 
Name 
 
 
 
Description 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pore radius of membrane active layer 
Determines steric hindrance to the 
entry of ions and resistance to water 
flow into the membrane (a larger 
value allows more passage of both 
ions and water) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aΔ𝑥         Effective active layer thickness Effective active layer thickness when Δ𝑥899,9 = 	Δ𝑥899,;. Determines water 
flux through the membrane as per Eq. 
5-12a. Also influences salt flux (a 
larger value reduces salt flux) 
 
 
 
 
 
 
 𝐿¦..IJH     Support layer structural parameter Determines the extent of internal concentration polarization (ICP) in 
the support layer (Fig. 5-1b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hindrance factor for diffusion 
Modifies diffusion rates of ions in 
active layer according to the relation 𝐷q,.IJ8 = 𝐾q,;𝐷q,u (cf. Eq. 5-2) 
 
 
 
 
 
 
 
 
 
Hindrance factor for convection Modifies convection rates of ions in 
active layer (cf. Eq. 5-1) 
 
5.3. Results: the persistence of solution–diffusion in 
unpressurized mode 
In this section, the general model will be validated with respect to RO and FO data from Tang et 
al. (15). In Section 5.3.5, a flow chart summarizing the pathway to achieve validation is provided. 
The results in the following sections demonstrate that while the inclusion of convective salt 
transport improves model agreement with RO experimental data compared to SD, removal of this 
mode of transport was essential to allow model validation for the FO mode. Thus, convective 
coupling between water and solute transport is significant for the pressure-driven mode, while it 
porer
dK
cK
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is negligible for the unpressurized FO mode. The modeling results from Tang et al. for both RO 
and FO were obtained by those authors using the traditional SD model. 
5.3.1. Fitting active layer geometric parameters in RO 
As a first step, the pore radius, 𝑟.IJ8, and effective thickness of the active layer, Δ𝑥 of a Hydration 
Technology Innovations (HTI) cellulose triacetate (CTA) membrane were determined from fitting 
experimental RO water flux and sodium-chloride rejection ratio data from Ref. (15) (cf. Fig. 5-3 
in that reference). The HTI CTA membrane was modeled because that membrane was used in the 
validation datasets (15,16). The fitting procedure for the pore radius and effective active layer 
thickness is summarized in Appendix E. RO data cannot be used to fit the support layer structural 
parameter because there is no internal concentration polarization (ICP). The values of the 
hindrance coefficients 𝐾q,; and 𝐾q,: for each ion (where 𝑖 is either Na+ or Cl- in this case) are 
obtained from correlations in Ref. (29), which are used widely for modeling NF membranes 
(25,29) and are reproduced in Appendix D. Table 5-3 provides a summary of the model inputs 
used for fitting the pore radius and effective active layer thickness from RO data. 
Table 5-3: A summary of model inputs used for fitting pore radius and active layer effective 
thickness 
 
 
 
Parameter 
 
 
 
Value 
 
 𝑟𝑝𝑜𝑟𝑒 \\    To be fitted Δ𝑥 To be fitted 𝐿𝑠𝑢𝑝𝑝𝑜𝑟𝑡 Not applicable in RO 𝐾𝑑 Calculated using expressions from Appendix D. 𝐾𝑐 Calculated using expressions from Appendix D.  
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An exhaustive search across an acceptable range of pore radii (0.19 nm to 0.30 nm in increments 
of 0.001 nm) was performed to determine the value of pore radius and the corresponding active 
layer thickness that minimized the difference between the simulated and experimental water fluxes 
and salt rejections (cf. Appendix E for optimization details). The lower bound of the range was 
chosen to be just above the Stokes radius of the sodium ion (the larger of the two ions in a sodium 
chloride solution), which  is approximately 0.184 nm (80). The upper bound of the range was 
initially set at 0.3 nm, and it was later confirmed that this radius was greater than the optimum 
radius, as shown in Fig. 5-3. 
The fitting procedure uses experimental bulk feed concentration, water permeability, water flux 
and rejection ratio values as inputs. For each guess value of pore radius, the extent of concentration 
polarization and the effective pressure difference across the membrane are calculated. The optimal 
effective active layer thickness for each pore radius value is calculated by rearranging Eq. 5-12a 
and using the simulated value of effective pressure difference across the membrane (see Appendix 
E). Fig. 5-3 shows the variation of error (given by Eq. B.4, which accounts for the error in both 
rejection ratio and water flux) across the pore radius range simulated. The search yielded a local 
minimum error at 0.205 nm, which corresponds to an active layer effective thickness of 2.68 𝜇m. 
The error in the plot is given by the expression in Eq. B.4. and accounts for the error with respect 
to both the experimental rejection ratio and water flux. 
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Figure 5-3: Value of the error (Eq B.4.) comparing the experimental and predicted solvent fluxes 
and sodium-chloride rejection ratios over a range of possible FO membrane pore radii (0.19-0.3 
nm). The error function was minimized at a pore radius of 0.205 nm, which corresponds to an 
effective active layer thickness of 2.68 𝜇m. 
 
Figure 5-4 compares the experimental solvent flux and rejection ratios with the corresponding 
simulated values obtained using the optimal pore radius of 0.205 nm and active layer thickness of 
2.68 𝜇m. Hindrance coefficients were obtained from Appendix D. The mean error in rejection ratio 
across all data points was approximately 0.5%, while the mean error values in water flux and solute 
flux values were 0.03% and 4% respectively (the latter is not shown). The low error for all three 
quantities indicates that the model captures the physics of RO well. 
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Figure 5-4: A comparison of the experimental and simulated solvent fluxes and rejection ratios 
with pressure variation in RO; the simulated values were obtained using a pore radius of 0.205 nm, 
an active layer thickness of 2.68 𝜇m and hindrance coefficients from Appendix D. The mean 
percentage error between the experimental and simulation values of solvent flux and rejection ratio 
were ~ 0.03% and 0.5% respectively. Although not plotted, the mean percentage error on solute 
flux was calculated to be 4%.  
5.3.2. Attempted extension of model to FO 
 
The 𝑟.IJ8 and Δ𝑥 fitted in Section 5.3.1 lead to model agreement with RO experimental data. The 
next step is to check if these values allow the FO model to match experimental data for water flux 
and salt flux in FO. A summary of the input parameters used during this step is given in Table 5-
4 below. 
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Table 5-4: A summary of the input parameters used to model FO in Section 5.3.2. 
 
 
 
Parameter 
 
 
 
Value 
 
 
 
Source 
 
 
 
 
 𝑟𝑝𝑜𝑟𝑒 \\       0.205 nm        Section 5.3.1 Δ𝑥 \ 2.68 µm Section 5.3.1 𝐿𝑠𝑢𝑝𝑝𝑜𝑟𝑡 400 µm Best-fit value 𝐾𝑑 0.0035 (Na+), 0.1172 
(Cl-) 
Expression in Appendix D. 
𝐾𝑐 1.1216 (Na+), 1.3269 
(Cl-) 
Expression in Appendix D. 
 
Experimental FO data for water flux and salt flux (of sodium chloride) was obtained from Fig. 5-
4 in the study of Tang et al. (15), which shows the results of experiments using a bench-scale cross-
flow setup with a fixed feed concentration of 10 mol m-3 (10 mM) and variable draw concentration.  
Figure 5-5 below shows the water flux and salt flux obtained from the current model using the 
input parameters given in Table 5-4, along with experimental results from Fig. 5-4 in Ref. (15). 
As shown in Figs. 5-5a and 5-5b, the predicted water and solute fluxes using the best-fit value of 𝐿¦..IJH did not agree with the experimental data from Ref. (15); the mean percentage errors were 
4.7% and 71%, respectively. Assuming that the governing equations of Section 5-2 are correct and 
that the active layer geometric parameters are independent of the membrane’s mode of use, the 
only remaining explanation for failure to validate the proposed model is that the hindrance 
coefficients, although valid for NF and RO, failed to capture the relative magnitudes of the 
diffusive and convective modes of ion transport in FO (ref. Sections 5.6.3. and 5.7.1. for further 
details). 
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  a.            b. 
Figure 5-5: (a) Water flux and (b) solute flux in FO: results from the current model (Section 5.3.2) 
as well as model predictions and experiments by Tang et al. (15). A comparison of the experimental 
and simulated solvent and solute fluxes at various draw concentrations for FO; the predicted solute 
fluxes are not in agreement with the experimental values with a mean percentage error of 71%. 
The agreement between experimental and simulated solvent fluxes is reasonably good, with the 
mean error being 4.7%. The simulated values were obtained using the active layer parameters fitted 
from RO in Section 5.3.1. (Table 5-4), while the best fit value of support layer structural parameter, 𝐿¦, was fitted from the data (400 µm). 
 
 
5.3.3. Establishing the requirements for successful RO and FO 
modeling 
The previous section suggests that the unsuccessful model validation with FO experimental results 
thus far is due to the failure of the correlations for 𝐾q,:and 𝐾q,; (cf.  Appendix D). In the light of 
the longstanding success of (solute convection-free, i.e., traditional) SD for FO modeling as 
reflected in literature (15,16,63), the success of the model after the removal of the convective mode 
of transport is evaluated. The removal of convective ion transport is achieved by setting the 
convective hindrance coefficients for each ion to zero (𝐾q,: = 0) in Eq. 5-1.  Ideally, the active 
layer parameters should be the same for both RO and FO, so that the user does not need to re-fit 
these parameters for each case. Although using the same active layer geometric parameters for RO 
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and FO neglects membrane compaction due to high pressure in RO mode, that idealization will 
allow the use of the same active layer characteristics (𝑟.IJ8 and Δ𝑥) regardless of the desalination 
process. 
5.3.3.1. RO after removal of the convective mode of transport 
Re-fitting the RO model with experiments after removing the convective mode of transport gave 
an optimal pore radius of 0.207 nm and a corresponding active layer thickness of 2.73 µm. The 
mean errors between the experimental and simulated values of rejection ratio (see Fig. 5-6), solvent 
flux and solute flux were found be 1% , 0.06% and 11% respectively, which are higher than the 
corresponding values when solute convection is included (Section 5.3.1), most notably for the solute flux. 
From Fig. 5-6, it is clear that the modeling results excluding convection match those from the 
traditional SD from reference (15). 
 
Figure 5-6. A comparison of the experimental and simulated rejection ratios at various applied 
pressures for RO with and without convection. The optimal value of pore radius after the removal 
of convection in RO was found to be 0.207 nm, and the corresponding optimal effective active 
layer thickness was 2.73 𝜇m. The removal of convection caused a higher error in water flux, 
rejection ratio and solute flux (0.06%, 1% and 11% respectively) compared to the modeling results 
with convection included. 
2 4 6 8 10 12 14 16
Effective pressure [bar]
0.76
0.78
0.80
0.82
0.84
0.86
0.88
0.90
0.92
0.94
0.96
Re
je
ct
io
n 
ra
tio
Experimental results, Tang et al. [15]
Modeling, Tang et al. [15], traditional SD
Modeling with convection, current work
Modeling without convection, current work
0 2 4 6 8 10 12 14 16
Effective pressure [bar]
0.0
0.5
1.0
1.5
2.0
2.5
Sa
lt f
lux
 [
m
ol/
m
2 -s
]
Modeling with convection, current work
Experimental results, Tang et al. [15]
Modeling without convection, current work
Modeling, Tang et al. [15], traditional SD
  
134 
 
5.3.3.2. FO after removal of the convective mode of transport 
After removing the convective mode of transport and employing the active layer parameters 
obtained from RO (Section 5.3.3.1), the mean errors for the water flux and solute flux in FO were 
4.1% and 27.5% respectively, lower than those seen in Section 5.3.2 where convection was 
included, most significantly for the solute flux.  The reduction in error on both water flux and 
solute flux for FO after the removal of convection indicates that accuracy in modeling this process 
is improved by moving toward an SD-based approach, and other considerations discussed in 
subsequent sections will further improve the agreement. (Fitting with respect to 𝐾q,; was also done 
but did not lead to successful modeling of FO, as described in Appendix G.) 
Table 5-5: A summary of the inputs used for FO modeling in the current section  
 
 
 
Parameter 
 
 
 
Value 
 
 𝑟𝑝𝑜𝑟𝑒 \\  0.207 nm Δ𝑥 \ 2.73 𝜇m 𝐿¦..IJH  Best-fit value is 390 µm 𝐾𝑑 0.0044 (Na+), 0.1213 (Cl-) 𝐾𝑐 0 (Na+), 0 (Cl-) 
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   a.                  b. 
Figure 5-7: (a) Water flux and (b) solute flux in FO: results from the current model (Section 
5.3.3.2) as well as model predictions and experiments by Tang et al. (15). The experimental and 
simulated values of solvent and solute fluxes at various draw concentrations for FO; the mean 
percentage error between the experimental and simulated values were 4.1% and 27.5% 
respectively for water and solute fluxes.  Both errors were reduced after the removal of convection, 
but more notably that of solute flux, which reduced to 27.5% from 71%.  
5.3.4. Effect of unequal effective thicknesses for diffusion and flow 
In order to improve the agreement in solute flux between the present model and the experimental 
results beyond that achieved in previous sections, more detailed modeling of the length of travel 
of species through the active layer is necessary. As explained in Section 5.2.8, the effective 
thickness of the membrane can be different for water flow and solute diffusion for tortuous pore 
structures (refer to Eqns. C.1. and C.2.). When the membrane is treated as a bundle of tubes with 
effective length greater than the physical membrane thickness, the ratio of Δ𝑥9I7 to Δ𝑥; is the 
tortuosity. A reasonable range for tortuosity for a wide range of porous materials is between 1 and 
2 (93), so the value of Θ =	Δ𝑥9I7/Δ𝑥; was varied within these bounds. In addition to the 
parameters required for FO up to Section 5.3.3 (𝑟.IJ8, Δ𝑥9I7	and 𝐿¦..IJH), 𝛩 is a fourth fitting 
parameter.  𝛩 = 1.4 was determined to be the optimal value that minimized the combined fractional 
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error (cf. Appendix E. for further details) between the model and experimental data for FO water 
flux and solute transport. The values of , 𝐿¦..IJH, 𝐾q,;	and 𝐾q,: mentioned in Table 5-5 are 
used in this section. However, the effective active layer thickness has been differentiated to two 
forms as shown in Table 5-6.  Since the RO model results had better agreement when the 
convective mode was included (Section 5.3.1), and it is desirable to use the active layer geometric 
parameters from RO-fitting for FO, the values from fitting in Section 5.3.1. will be used in this 
section. 
 
 
 
Table 5-6: Summary of parameters used in FO model with unequal thicknesses for diffusion and 
flow (Ki,d values were identical to those in Table 5-4, while 𝐾q,: = 0 for both ions)  
 
 
 
Parameter 
 
 
 
Value 𝑟.IJ8   2.05 nm Δ𝑥; \ 2.68 𝜇m 𝛩 1.4 Δ𝑥9I7  \ 𝛩 × Δ𝑥;	= 3.75 𝜇m 𝐿¦..IJH  Best-fit value is 310 µm 
Figures 5-8a and 5-8b show the agreement between the experimental and modeling results after 
relaxing the assumption that 𝚫𝒙𝒇𝒍𝒐𝒘 = 𝚫𝒙𝒅 to include the effect of tortuosity. The mean error with 
respect to experimental data for the solute flux decreased from 27.5% to 5.1% while the mean error 
porer
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in water flux reduced from 4.1% to 3.4%. The results presented in this section indicate that the 
effect of pore tortuosity on membrane selectivity may warrant further study. 
 
       a.      b. 
Figure 5-8: (a) Water flux and (b) solute flux in FO: results from the current model (Section 5.3.4) 
as well as model predictions and experiments by Tang et al. (15).  The experimental and simulated 
values of solvent and solute fluxes at various draw concentrations for FO when the effect of 
tortuosity is included; the mean percentage error between the experimental and simulated values 
were 3.4% and 5.1% respectively for water and solute fluxes. 
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5.3.5. Summary of model validation procedure for RO and FO 
Figure 5-9 below shows a summary of the model validation procedure for RO and FO that was 
explained in Sections 5.3.1.- 5.3.4.   
 
Figure 5-9. Flowchart summarizing validation procedure followed in Section 5.3. The modeling 
approach was improved until error for water and in fluxes was below 5% for both RO and FO, 
using the same active layer parameters. 
   
• RO (pressurized mode) validates best with convection 
• Fitting parameters from RO with convection used for FO
• Convection removed for FO 
• Tortuosity included, tortuosity and support layer structural parameter values optimized
RO fitting with convection !"#$% = 0.205+,, Δ/ = 2.682,
FO modeling
Good agreement for RO (≤5% error for 45 and 46)
Poor agreement for FO
76,8 = 0
Poorer agreement for RO
Improved agreement for FO
Inspired by SD, convective 
mode is removed
RO fitting !"#$% = 0.207+,, Δ/ = 2.732,
FO modeling
fit	<=>""#$?
fit	<=>""#$?
mean % error 45 46
RO 0.03 4.12
FO 4.69 71.14
mean % error 45 46
RO 0.06 10.98
FO 4.14 27.51
mean % error 45 46
RO 0.03 4.12
FO 3.38 5.15
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5.4. Reinforcement of model validation 
As a test of robustness, the model was validated with an additional FO dataset. This data was 
obtained from Fig. A.2 in Ref. (16) for FO water flux measured using the same membrane type 
used in Ref. (15) i.e. the HTI CTA. The active layer parameters used for these simulations are the 
same as those in Table 5-6, while the best-fit support layer structural parameter for this data-set 
was closer to that obtained in Section 5.3.3 (after removal of convection but without tortuosity for 
the data from Tang et al. (15)). These values are summarized in Table 5-7 below. The optimal 
tortuosity value for this data set was found to be Θ =	1.3.   Of the fifteen data points, the percentage 
error is below 5% for nine, between 5–10% for two and between 10–20% for four. Figure 5-10 
shows the absolute error between the data and the current model along with those from the two 
modeling approaches shown in Ref. (16) (traditional SD and SD with dispersion). The SD model 
with dispersion shows the smallest error at all data points, but this model requires “dispersivity”1 
as an additional fitting parameter (16). Using the fitting parameters shown in Table 5-7, the current 
model gives a similar level of accuracy to traditional SD. The SD model with dispersion notably 
reduces the error compared to the other two modeling techniques but requires one more fitting 
parameter (a total of four). Although the modeling approach introduced in this work does not 
reduce the number of fitting parameters compared to the traditional SD approach, the fitted 
parameters are directly related to membrane properties. For example, the pore radius and 
membrane active layer thickness provide information about the membrane structure, in contrast to 
                                               
1 Dispersion is the apparent enhancement of diffusion by convection in a porous medium such as 
the FO membrane’s support layer. In Ref. (16), “dispersivity” was introduced as an additional 
fitting parameter (a constant of proportionality between the increase in effective diffusion 
coefficient and the transmembrane flux) to improve agreement between the SD model and 
measured flux. 
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the phenomenological coefficients used in the SD model which need to be refitted for different 
solutes.  
 
Table 5-7: Summary of parameters used in FO model for validation with Tow et al. (16).  
 
 
 
Parameter 
 
 
 
Value 𝑟.IJ8   2.05 nm Δ𝑥; \ 2.68 𝜇m 𝛩 1.3 Δ𝑥9I7  \ 𝛩 × Δ𝑥899,;	= 3.48 𝜇m 𝐿¦..IJH  Best-fit value is 390 µm 𝐾𝑑 0.0035 (Na+), 0.1172 (Cl-) 𝐾𝑐 0 (Na+), 0 (Cl-) 
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Figure 5-10. The three modeling approaches for FO are compared to experimental water flux data 
from Tow et al. (16). The current model attains error values comparable to traditional SD. The SD 
with dispersion has the lowest error, but also requires an additional fitting parameter. 
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5.5. Comparison of fitted membrane parameter values 
with measured values 
Table 5-8: Comparison of fitted and measured values of membrane active layer. 
Property Ref. value (various cellulose ester 
FO membranes) 
Current model 
 
 
 
 
 
 
 
 
 
Pore radius 
 
 
 
 
0.309-0.326 nm (94) 
0.302 nm (95) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.205 nm 
 
 
 
 
Active layer thickness 
 
 
 
 
 
0.2 𝜇m (82) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Δ{òò,Ü = 2.68 𝜇m 
(if thickness 𝛿 ≈0.2 𝜇m, area-based 
porosity 𝜙 = 7.5%) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Free volume 
fraction/porosity2 
 
 
 
 
17.7-18.1% (by Bondi method) (94), 
1.33-1.91% (from PALS 
measurement) (94) 
5.28% (from PALS) (95) 
 
Tortuosity 1-2 (96) 
 
 
 
 
1.4 
 
Table 5-8 shows a comparison between fitted values of the active layer parameters of the HTI CTA 
membrane, and those measured by various experimental methods, for various cellulose ester FO 
membranes. References (94) and (95) mention results for various cellulose ester membranes, such 
as CA-398-10, CA-436-80S (CTA) and CAP-482-20, and only the ranges of values in these 
references over all studied membranes are mentioned in Table 5-8. Although the membrane is in 
wet state during operation, the measured value of pore radius reported in Table 5-8 are for dry FO 
membrane samples. However, these values are indicative of the relevant pore size in FO, because 
the maximum extent of variation between cellulose ester membranes is only about 5% (94). The 
                                               
2 A notable point is that the model uses surface porosity (i.e., the ratio of the surface area covered 
by pore openings to the total active layer surface area), while experimental measurements are 
reported in literature for free volume fraction through the active layer (the ratio of empty volume 
through the active layer to its total volume). This difference is attributed to the ease of 
measurement of free volume fraction using techniques such as PALS, while the present modeling 
approach was developed using surface porosity. 
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measured value of active layer thickness shown in Table 5-8 is that for a TFC membrane (FT-30), 
but, due to the lack of a specific value for cellulose acetate membranes in literature, the active 
layer thickness is assumed to be similar to that of a TFC membrane. 
A notable observation from Table 5-8 is that the measured value of pore radius is consistently 
larger than that used in the current model. The smaller value of the fitted pore radius is attributed 
to the fitting being done using the Stokes radii of Na+ and Cl- ions, which are smaller than the 
corresponding hydrated radius values. As explained further in Section 5.6.2, if the larger hydrated 
radii had been used, the fitting procedure would have resulted in a larger pore size. Although ions 
in aqueous solution occur in a hydrated state, the hindered transport theory is based on the validity 
of Stokes equation in the pore, thereby necessitating the use of the Stokes radii of ions. 
Since the model uses an effective value of active layer thickness, which is approximately the ratio 
between the actual active layer thickness and porosity, these values may only be estimated 
individually from the model fitting. Given that the model predicts an active layer thickness by 
porosity ratio of 2.68 𝜇m, it can be inferred that if an active layer thickness of 0.2 𝜇m is considered 
(as per the measured values quoted in literature), the porosity value is calculated to be 7.5%. As 
explained further below, this value of porosity is reasonable, given that measurements using PALS 
and other the Bondi method predict porosity to be between 5 and 20%.  
The free volume fraction calculated by Bondi’s method (the ratio of solvent-filled volume to total 
polymer volume, per unit mass) is much higher than that measured by PALS (94). This trend is 
commonly observed in literature and is attributed to the fact that PALS can only detect free 
volumes that are accessible by positrons (94). Factors such as the repulsion to the entry of positrons 
contribute to the lower measured value of free volume fraction by PALS, thereby qualifying PALS 
as a tool to compare various samples rather than give an accurate value of the free volume fraction 
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(94). Due to similar reasoning, the difference of ~0.1 nm between the pore radius obtained from 
PALS and that from modeling is not considered significant, since the PALS readings might not 
include the contribution of those voids that are not accessible by positrons. Furthermore, the fitted 
value of pore radius is lower than those used in literature for NF membranes, although of the same 
order of magnitude; thus showing that the model is able to capture the change in pore radius value 
between NF and RO/FO. 
Overall, Table 5-8 shows that the fitted parameters are similar to measured values, suggesting it is 
no coincidence that the proposed model accurately predicts RO and FO experimental data. Not 
only does the proposed modeling technique predict membrane performance, but does so on the 
basis of measurable, geometric membrane properties. The closeness of the values from model 
fitting and those from direct measurements is particularly remarkable given that the model was 
obtained from the hindered transport theory, which was derived for macroscopic systems. As such, 
the model can be used to predict and explore the potential of new desalination membrane materials 
and designs.  
5.6. Discussion 
5.6.1. Error reduced in model validation 
As illustrated in Fig. 5-11 and Figs. 5-4 and 5-6 earlier, the pore-based modeling approach 
employed in this work was successfully implemented for FO and RO. The approach of 
implementing the ENP for ion transport, along with the charge and steric-based exclusion effects, 
has been widely implemented for NF (29,31) and in some cases RO (70); however, to the best of 
the authors’ knowledge, this is the first successful application of such a model to charged solutes’ 
FO membrane transport. Furthermore, the implementation of the model for FO has been shown to 
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be possible using active layer parameters fitted from RO, thereby requiring additional fitting of 
only FO-specific parameters to implement the model for this mode.  The success of this modeling 
approach required removal of the convective mode of solute transport in FO. The agreement of the 
model with RO data was best (and requiring only 2 fitting parameters, 𝑟.IJ8and Δ𝑥) when 
convection was included, but the mean error for both water flux and solute flux did not change 
very significantly for RO even in the SD (no convective transport) mode. However, the FO case 
was highly sensitive to the presence of the convective mode. The error in solute flux in FO was 
reduced dramatically from 71% to 25.7% upon the removal of ion convection in the active layer, 
and further to 5.1% upon optimizing the support layer structural parameter and tortuosity. 
 
a.                b. 
 
Figure 5-11. (a) Water flux and (b) solute flux in FO: results from the current model (Section 5.3.2 
and 3.4) as well as model predictions and experiments by Tang et al. (15). Improvement in model 
agreement for FO after the convective mode of transport is removed and the effect of tortuosity 
included, as compared to the initial case when the unaltered ENP is used. The mean percentage 
error for FO water flux (a) reduced slightly from 4.7% to 3.4%, while that for the solute flux (b) 
decreased considerably from 71% to 5.1%. 
 
5.6.2. Justification of removal of convection in FO modeling 
In order to match the current model with experimental FO data, the convective mode of transport 
had to be eliminated. It was then possible to validate the model for FO using active layer 
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parameters fitted from RO. The 𝐾q,; values used for both FO and RO modeling can be obtained 
from established correlations. Subsequently, 𝐿¦..IJH and 𝛩 need to be fitted independently for 
FO modeling. Table 5-9 summarizes how the input parameters for the FO modeling are obtained. 
While the removal of convection and use of parameters shown in Table 5-9 allowed the major 
reduction in FO solute transport error (71% to 25.7%), further improvement (25.7% to 5.1%) was 
obtained upon the inclusion of a fourth parameter, 𝛩, as described in Section 5.3.4. 
Table 5-9: Summary of how the final model input parameters are obtained for the current model 
of FO 
 
 
 
Parameter 
 
 
 
Method 
 
 
 
 
 𝑟𝑝𝑜𝑟𝑒                Obtained from fitting with RO data, as described in Section 
5.3.1 Δ𝑥 Obtained from fitting with RO data, as described in Section 
5.3.1 𝐿𝑠𝑢𝑝𝑝𝑜𝑟𝑡   Obtained from fitting with respect to FO data 𝐾𝑑  Obtained from correlations (cf. Section 5.3.1 and Appendix D) 𝐾𝑐                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      0 
 
The values of active layer geometric parameters shown in Section 5.3 are fitted based on hindered 
transport theory. The hindered transport theory assumes low intra-pore Reynolds number and 
therefore the Stokes equation governs water flow in the pore (88). The Stokes radius is therefore 
the natural choice for the definition of ion radius. The Stokes radius of an ion is generally smaller 
than its hydrated radius (97). Therefore, a smaller value of pore radius will be fitted when the 
Stokes radius is used for a given set of experimental data. In Ref. (87), uncharged solutes were 
used for fitting the pore radius of the HTI CTA membrane. Since the Stokes radii of all uncharged 
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solutes used in that study were larger than those of sodium and chloride, their fitted values of pore 
radius were found to be larger than those in the current work. If those values of pore radii were 
used in the modeling of sodium chloride, the removal of the convective mode of transport would 
not be sufficient to result in model validation, and the charge and dielectric exclusion effects would 
need to be incorporated. However, in that case, it would not be possible to achieve validation for 
both RO and FO using a unique set of fitting parameters. Thus, the approach of removing 
convection and using the Stokes radii of sodium and chloride for fitting allows for the simplest 
method of validation of RO and FO using the same set of fitting parameters. 
5.6.3. Justification of the physics of no convective coupling in FO 
As a consequence of the removal of the convective coupling effect on solute transport, the model 
reduces to a pore-based model with diffusion-dominated transport, similar to the conclusions of 
Yaroschuk et al. (73,74). However, in the current work, model agreement was better for RO when 
convective coupling was included, compared to the traditional SD model. Indeed, the current 
model with convection allows better fitting with the experimental data in Tang et al. (15) than the 
modeling results obtained from the traditional SD method used in that work. For the FO case, 
however, validation of the model was not possible when convection was included. The requirement 
for no convective coupling between the water and solute fluxes in FO could be due to the absence 
of the pressure-driven effects (that exist in RO and NF). In other words, convective coupling 
maybe a consequence of the pressurized mode. The presence of convective coupling as a result of 
applied pressure is hypothesized by Kook et al. (98). Those authors suggest that membrane 
deformation occurs upon application of pressure beyond a certain yield limit, thereby magnifying 
the effect of membrane free volume and allowing the water to carry solute with its flow (convective 
coupling). Another possibility is that the effects of convective coupling, if any, in FO would be 
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better accounted for by a more sophisticated model such as the Maxwell-Stefan model. While Paul 
(83) examines this model for RO and concludes that there may be convective coupling in RO, no 
such examination has been done for FO, to the best of our knowledge. The implementation of the 
Maxwell-Stefan approach for FO would allow one to account for interactions between each solute 
species, which may be more significant in FO than RO due to the opposite directions of water and 
solute flux in this mode. 
5.7. Chapter 5 conclusion 
5.7.1. Summary 
In this work, a generalized pore flow model that has been widely implemented for  NF 
(3,25,26,29), is extended to two other water-purification techniques, namely RO and FO. RO and 
FO membranes, unlike those for NF, are generally considered non-porous and solute flux in these 
membranes is modeled as diffusion-dominated (13,15). Recent experimental work as well as 
molecular dynamics studies, however, indicate RO and FO membranes have free voids (11,82). 
Based on traditional modeling approaches, the concept of diffusion-dominated transport and 
existence of pores are considered mutually exclusive. In this work, it is concluded that these two 
apparently disparate theories are in fact, reconcilable. We show that both RO and FO can be 
successfully modeled using a porous-membrane based model. The difference between the two 
modes is in the occurrence of convective coupling between water and solute fluxes (present in RO, 
absent in FO). As shown in Section 5.3.3.1, the model in RO mode (pore-based model with 
convection) agrees with the experimental data even better than the traditional SD model despite 
requiring only two fitting parameters. These results on RO are in agreement with the recent work 
of Kook et al (98), who suggest that inclusion of convection is necessary to account for transport 
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of solutes through the membrane in a pressurized state. However, the model must be reduced to a 
diffusion-dominated pore flow model for successful validation in the FO mode.    
From a modeling perspective, the defining feature of the traditional pore flow models is the 
presence of convective coupling between solute transport and water transport (hence the existence 
of pores implies convective coupling and vice versa). On the other hand, the traditional definition 
of SD is that the transport is diffusion-dominated and there are no distinct pores in the membrane. 
The current work concludes that it is possible to have a porous membrane in which ion transport 
may or may not be diffusion-dominated depending on the mode of operation of the membrane. 
Thus, an outlook to FO modeling similar to the generalized SD model introduced by Yaroshchuk 
is preferable (73,74). This generalized SD approach accounts for various exclusion mechanisms, 
including steric and charge-based, by means of phenomenological coefficients. The approach of 
generalized SD thus considers diffusion-dominated transport while also allowing for membrane 
porosity and charge-based transport and exclusion effects, in contrast to the traditional SD 
approach which considers only non-porous membranes with concentration-gradient driven 
transport. The pore flow approach developed in the current work therefore paints the same picture 
of the physics inside the membrane but is implemented differently from a mathematical 
perspective. Finally, incorporation of tortuosity improved the model’s agreement with 
experimental results for FO. The proposed model is of intermediate mathematical complexity 
between molecular dynamics and solution-diffusion. A summary of the various approaches to 
modeling solute flux in membranes is provided in Fig. 5-12. It is shown that the existence of pores 
in RO/FO membranes is not in contradiction to diffusion-dominated transport if the generalized 
SD model is considered. 
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Figure 5-12. The different classifications of transport in membranes and their connection with the 
various classifications of membrane structure is summarized. While the presence of convection 
implies a porous membrane, a porous membrane does not necessarily imply convective solute 
transport. 
 
5.7.2. Concluding remarks 
The salient features of the current model and the key findings from the analysis are summarized 
below: 
1) Generality: The model described above offers a general framework for species transport in 
FO and RO membranes; the model allows for three possible modes of transport (diffusion, 
convection and electromigration) without explicit assumptions about the relative 
contributions of each of the mechanisms. Furthermore, compared to solution–diffusion, 
this model is able to incorporate several realistic characteristics of the membrane, such as 
the existence of free voids (pores) and the membrane active layer thickness and support 
layer thickness Thus, the current modeling strategy sits between the basic solution–
transport mechanism
No convection≡SD Includes convection
membrane structure
Classification according to:
Traditional SD
(due to chemical potential gradient;
Constant sorption coeff.)
General SD
Current model in FO mode
(due to eletcro-chemical potential gradient;
Various exclusion mechanisms)
Dense sheet Porous
Classification according to:
Current model in RO/NF mode
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diffusion and highly complex molecular dynamics approaches in terms of its fidelity in 
modeling physical phenomena.  
2) Emergence of solution–diffusion for FO: Even though the model captures various modes 
of species transport within the membrane, comparison with experimental data reveals that 
the dominant mode of solute transport in the FO configuration is diffusion. Convective 
coupling in FO may be better accounted for by a more sophisticated modeling approach 
that the Extended Nernst-Planck equation, such as the Maxwell-Stefan approach. Using the 
current modeling approach, however, it was found that the RO model fit experimental data 
notably better when convective coupling existed, compared to the traditional SD model. 
3) Suitability for membrane design: The proposed model relates membrane performance to 
geometric membrane properties and therefore enables design of new membranes with 
optimized performance in FO and RO applications. 
4) Improved choice and number of fitting parameters: As described in Section 5.3.1, the 
independent fitting parameters in the case of RO are the membrane pore radius and 
effective active layer thickness. For modeling FO, the three independent fitting parameters 
are the pore radius, effective active layer thickness, support layer thickness and tortuosity 
(Section 5.3.4). It was also shown that the active layer fitting parameters obtained for RO 
can be used for FO, thus requiring only the additional fitting of FO-specific parameters in 
that mode (𝐿¦ and 𝛩). In contrast to the solution–diffusion model which uses 
phenomenological permeability coefficients, the current model uses parameters that reflect 
membrane geometry. Furthermore, the number of phenomenological coefficients used in 
models such as solution–diffusion scales with the number of independent solute species, 
which is not the case in the current model, where a fixed number of membrane-specific 
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parameters are used. Although in this work we have not considered salts with multivalent 
ions, it is possible in those cases that the effect of the charge-based fitting parameters will 
be more critical for model validation. Under those circumstances, the number of fitting 
parameters would be increased, but would still be directly related to a membrane property 
rather than individual phenomenological coefficients for each ion as would be necessary 
for SD. 
5) Independent modeling of individual ions: The model allows for the independent modeling 
of each ion while simultaneously respecting electro-neutrality. This feature allows the user 
to analyze the effects of different membrane parameters and modes of operation 
(FO/RO/NF) on the transport of specific ions. It is noteworthy that the approach of using 
the Maxwell-Stefan equations as done by Paul (83) accounts for interactions between 
individual ions as well as between the ions and solvent molecules. However, the 
implementation of this approach is complicated by the requirement for the experimental 
determination of frictional coupling factors accounting for each type of interaction (83). 
Hence this approach is not considered in the current work, which aims to not only provide 
insight into transport mechanisms but also a practically useful model for membrane 
scientists. Furthermore, the conclusion of no convective coupling in FO might be relaxed 
if the Maxwell-Stefan model is better able to account for the inter-species interactions. 
6) Explicit modeling of the partitioning effect: The model incorporates a detailed model of 
partitioning at the boundaries of the active layer. The combination of steric and Donnan 
partitioning have been included in the current model in order to capture the most important 
exclusion mechanisms of the membrane. In contrast, solution–diffusion lumps all 
exclusion effects into one enigmatic coefficient that is not necessarily independent of 
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solution properties. The partitioning equations of the proposed model allow for prediction 
of membrane performance across a wide range of solution compositions, without needing 
to introduce individual fitted parameters for each solute species. 
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6. The Effect of Increased Top Brine Temperature 
on the Performance and Design of OT-MSF Using 
a Case Study 
 
6.1. Introduction 
Multi-Stage-Flash (MSF) desalination was the dominant method of large-scale desalination at the 
advent of desalination technology in the 1960s (99,100). Since that time, it has given way to 
reverse osmosis (RO) and Multi-Effect-Distillation (MED), which emerged as the two other major 
large-scale desalination technologies. However, MSF has retained an important status especially 
in the Middle East and North Africa (MENA), where it occupies 86.7% of the desalination capacity 
as of 2005 (100). There are clear reasons for it to remain in this position: MSF plants are integrated 
with power plants to produce both water and electricity; plant operation is unaffected by high feed 
temperature, salinity, and turbidity and requires minimal manual intervention; and they have long 
life-times up to 30 years (99). Optimization of MSF performance and identification of design and 
operational strategies to reduce capital and operational costs thus remain quite important. 
Although Brine-Recirculation MSF (BR-MSF) plants are the state of the art MSF technology, 
Once-Through MSF (OT-MSF) systems serve as a good starting point for analysis of the effect of 
top brine temperature (TBT) on MSF performance due to their relative simplicity.  Furthermore, 
although OT-MSF plants have been studied widely (101)(102)(103)(104), the effect of increased 
TBT on required specific heat transfer area (sA) has not been investigated in detail. Although 
authors have studied the effect of TBT on OT-MSF performance ratio (PR) and sA, they have not 
considered important aspects that are covered in the current work. For example, in the work by El-
Dessouky and Ettouney (104), the authors investigate the effect of TBT on performance ratio (PR) 
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up to 110oC. The main development of the current work over that of El-Dessouky and Ettouney is 
in the significantly increased range of TBT studied which is important, given that NF and other 
pretreatment for MSF have shown potential to increase TBT up to 160oC (105)or even 175oC 
(106). Studies as recent as 2016 have also discussed design and performance of OT-MSF, 
indicating the ongoing interest in this field. For example, the work of Hanshik et al. (107) looks 
into the effect of higher TBT on other aspects of MSF design such as distillate production rate, 
cooling seawater outlet temperature, electrical power needed for pumps and heating energy 
required in the brine heater. They do not, however, look into the specific area requirements. 
Furthermore, they consider a fixed number of stages, and hence higher TBT is attained by changing 
T at a fixed number of stages. As shown later in the current work, the effect of changing T for 
a fixed number of stages on PR is much smaller than keeping a fixed T and varying the number 
of stages. The work of Bandi et al. (108) is a complex cost optimization study on three 
configurations of MSF, including OT-MSF however it does not look explicitly at the effect of TBT 
on sA. 
The TBT in an MSF plant is restricted by scale formation in the brine heater, especially since 
scalants such as calcium-sulfate (CaSO4) and calcium-carbonate (CaCO3) exhibit reduced 
solubility with increase in temperature(109). MSF plants in the Kingdom of Saudi Arabia typically 
have TBT between 90oC and 115oC and performance ratio (PR) between 6.5 and 9.5 (110,111). 
The reduction of scaling ions would allow a higher TBT and hence an increase of the flashing 
range and PR in MSF.  
Researchers have identified TBT as one of the most dominant parameters determining the 
performance of MSF (102)(112). Fiorini and Sciubba (112) noticed from a thermo-economic 
analysis of an MSF plant that the TBT is the most important parameter governing the plant 
D D
D
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operation, since it affects both plant performance and cost of steam. They recommended operation 
at the highest possible TBT. In the work of Tanvir and Mujtaba (113) the authors assume a fixed 
TBT of 90oC and observe that since seawater temperature inevitably increases during the summer, 
the temperature driving force and recovery ratio of MSF unavoidably declines in this season. If 
the plant is instead operated at higher TBT in all seasons, the fluctuation of plant-performance 
with temperature can be mitigated. 
Pretreatment of the incoming feed seawater by nanofiltration (NF) is a well-established means to 
attain high TBT in MSF. A series of studies performed by the SWCC (Saline Water Conversion 
Corporation) (111)(105)(114)(24)(115)(116)(117)(118) since the late 1990s describe the two 
hybrid NF-MSF schemes: one where NF product is the MSF feed, and one where the MSF feed is 
SWRO (seawater reverse osmosis) reject, which in turn was pretreated with NF. In pilots of both 
configurations, the MSF TBT reached 130°C, the system design limit, without scale formation in 
the brine heater; theoretical studies show the potential for a TBT up to 160°C. Al-Rawajfeh (106) 
theoretically investigated pretreatment with NF, and estimated that a TBT up to 175°C could be 
reached with a TDS reduction of 37-38%. Mabrouk (119) piloted a CSP (Concentrated Solar 
Power)-powered NF-MSF system with a TBT of 100°C, reaching a GOR of 15. This work on NF-
MSF also showed that the reduction in MSF energy consumption at higher TBT (130°C) outweighs 
the additional capital cost of the NF pretreatment. 
To date, the literature has focused on the hybridization of NF with BR-MSF (105)(114), which 
dominates installed capacity. The primary advantage of BR-MSF over OT-MSF is its lower 
consumption of chemical additives to prevent scaling per unit distillate, while its primary setback 
is the large specific pumping power required to recirculate the brine. If NF can truly replace 
chemical pretreatment, the advantages of the OT variant – its lower specific pumping power 
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requirements in particular – become more attractive. This is supported by the study by Tusel et al. 
(120) on an OT-MSF plant in Sirte, in which the authors mention that although OT-MSF plants 
were almost entirely switched to BR-MSF plants by the 1970s, the reasons for the switch were 
reversed by the 1990s due to the emergence of reasonably priced corrosion-resistant materials and 
cost-effective antiscalants that can withstand high temperature. Thus the costs relating to additional 
parts such as major pumps and valves in BR-MSF currently outweigh its advantages, especially in 
the Arabian Peninsula where the high salinity of incoming seawater leads to a small difference in 
recovery ratio between the two configurations and thus the lower specific-pumping power of the 
OT-MSF arrangement is reason to prefer this system. 
Several researchers are studying novel nanofiltration membranes, such as the composite 
nanofiltration membrane with a chemically crosslinked rGO laminate film acting as an ion-
selective barrier created by Zhang et al. (121) and the low pressure nanofiltration membranes 
created by researchers in Singapore (26). The work by Roy et al. (25) introduced comprehensive 
modeling of large-scale NF modules and included an analysis of flat-sheet and spiral-wound 
modules. Their model allows the user to vary membrane parameters and thus model various kinds 
of NF membranes under various operating conditions. These developments indicate that as 
nanofiltration membranes continue to improve, there is impetus for improvement in NF-thermal 
desalination hybrids. 
In this work, the effect of increasing the TBT of once-through MSF on performance ratio (PR) and 
required specific area (sA) is investigated. The study first considers the effect of increasing the 
TBT for a plant with a fixed brine exit temperature ( ) and inter-stage temperature ( T) drop 
by successively adding more stages. Subsequently, the effect of varying the brine exit temperature 
for a fixed TBT and inter-stage temperature drop is considered, thereby capturing the effect of 
endT D
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seasonal and diurnal variations in incoming feed water temperature at different TBT values. These 
two modes of analysis are then applied to a case study of the OT-MSF plant in Sirte (120) to 
investigate the effect of increasing its TBT up to182oC, in order to determine if plant performance 
can be improved beyond that of the current operation.  To the best of the authors’ knowledge, 
investigating the effect of increased TBT on the specific surface area requirement has received 
little attention for OT-MSF systems.  
6.2. Mathematical Model 
Figure 6-1 shows a schematic diagram of the Once-Through Multi-Stage Flash system (OT-MSF) 
investigated. The system contains a brine heater and several stages, each consisting of a feed heater 
and flashing chamber. The governing equations for this system are given in this section.  
 
 
Figure 6-1: Schematic diagram of OT-MSF system 
 
ibm ,
idm ,
feedm1,feedT 2,feedT 1, +NfeedT
1,dT NdT ,
2,bT endNb TT =+1,
if
Ni =
sm
sT
feedm
Nanofiltration 
unit
NF
Ndm ,
1, +Nbm
Brine 
heater
flashing
chamber
feed
heater
i
1, +ibm
1, -idm
1, +ibTibT ,
idT ,1, -idT
TBTTb =1,
stage
ifeedT ,
  
159 
 
6.2.1. Brine heater energy balance 
                                                                  (6-1) 
where is the feed mass flow rate entering the MSF system (the permeate flow rate exiting 
from the NF unit),  is the mass flow rate of steam, is the latent heat of vaporization of the 
steam, and  and  are the enthalpies for saturated liquid corresponding to the temperatures 
and  as shown in Fig. 6-1. In this work,  is calculated by  where 
 is 4.18kJ/kg-K. For calculation of enthalpies, the reference state is taken at 
oC so that kJ/kg. The variation of  with feed temperature is 
neglected, since going from 25oC to 160oC, more than 100oC increase in temperature, the heat 
capacity of water changes by only 4%. While attaining high top brine temperature (TBT), it is 
necessary to pressurize the feed to a pressure slightly above the corresponding saturation pressure 
in order for flashing to occur upon entering the first evaporator. Thus, although the enthalpy of the 
heated feed exiting the brine heater is , there is negligible difference of this 
value with . In the current model, the enthalpy of the feed exiting the brine heater 
is considered to be . 
6.2.2. Evaporator energy balance 
For stages  to  
 
                                                                   (6-2) 
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where  is the mass flow rate of flashed vapor in stage ,  is the brine mass 
flow rate entering stage ,and  is enthalpy of the flashed vapor in stage ( = , 
is the enthalpy at temperature  , with quality =1). 
6.2.3. Evaporator salt balance 
For stages  to  
 
                                                                    (6-3) 
where is salinity of brine entering stage and is the brine mass flow rate 
entering stage . 
6.2.4. Feed heater energy balance 
 
 
                                                 (6-4) 
where  is the mass flow rate of distillate exiting stage  and is the corresponding 
distillate enthalpy. The (pure) distillate temperature is given by 
                                                                      (6-5) 
where is the boiling point elevation. 
The interstage temperature drop is assumed to be constant and is given by  
 
                                                                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             (6-6) 
The surface area required for heat exchange in each feed heater is calculated using an overall heat 
transfer coefficient obtained by considering the water-side and steam-side heat transfer coefficients 
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in series. The water-side heat transfer coefficient is given by Eqn. 6-7 (122), while the steam-side 
heat transfer coefficient is considered to be 7000 W/m2-K throughout the range of temperature 
considered. This is justified by the fact that, as per Fig. 6-3 in the work by Baig et al. (122), the 
heat transfer coefficient on the steam-side varies by only ~8% from 100oC to 150oC and can be 
considered almost constant with increase in temperature: 
 
 
   
 
           
                                                                          
    
 
                 (6-7) 
In Eqn. 6-7, is the feed temperature in the stage under consideration. Further, and are 
the internal and external diameters of the tubes carrying the feed water during preheating and are 
taken as 16 mm and 16.5 mm respectively (120).    
The required heat exchange area of the feed heater in the given stage is now calculated using the 
LMTD as follows: 
 
                                                   
                                                                                                                                                                                                                                                                                                          (6-8) 
where  
 
                                                             
                                                                    (6-9) 
and 
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Using a similar procedure, the heat transfer surface area requirement in the brine heater is given 
by: 
 
                                                                    (6-11) 
in which the overall heat transfer coefficient in the brine heater  is considered to be constant 
at 3000 W/m2-K, as per Fig. 6-4 in the work of Baig et al. (122), where the overall heat transfer 
coefficient in the brine heater is approximately 3000W/m2-K from 80oC to 140oC (varying by 8.4% 
over this range of temperature). 
Finally, the required specific area (sA) and performance ratio (PR) are given by:  
 
                                                                      
                                                                    (6-12) 
 
 
                                                                                                                                                                                                                                                                                   (6-13) 
 
 
6.3. Validation 
 
The model is validated against an analytical model by El-Dessouky and Ettouney (104).  For a 24 
stage OT-MSF plant with top brine temperature TBT = 106oC, incoming seawater temperature of 
25oC,brine reject temperature Tend of 40oC, and seawater salinity 42000 mg/kg, El-Dessouky and 
Ettouney (104) (case study 6.4.3) report a performance ratio (PR) of 3.96 whereas the current 
model predicts a PR of 3.97, a deviation of 0.25% from the reference. Figure 6-2a shows the brine 
salinity and feed temperature across all the stages in the reference and in the present model. The 
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figure indicates a very good agreement between the current model and the reference with a 
maximum deviation of 0.49% and 0.39% for the brine salinity and feed temperature, respectively. 
Validation is also done in reference to Fig. 4a in Baig et al. (102) (cf. Fig. 2b in the current work), 
observing the effect of inter-stage temperature drop T on the PR for a fixed number of stages 
(N=24 and N=32). The maximum deviation between the reference and current work was found to 
be 2.4% and 1.7% for N=24 and N=32, respectively. 
Figure 6-2a. A stage-wise comparison of brine salinities and feed temperatures between El-
Dessouky and Ettouney (104) and the present work shows good agreement, with maximum 
deviations of 0.49% and 0.39%, respectively.  
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Figure 6-2b. Validation with Baig et al. [4] for the effect of inter-stage temperature drop T on 
the PR for a fixed number of stages (N=24 and N=32) shows a maximum deviation between the 
reference and current work to be 2.4% and 1.7% for N=24 and N=32, respectively. 
 
 
 
 
 
 
 
0.0
1.0
2.0
3.0
4.0
5.0
1.4 1.6 1.8 2 2.2 2.4
PR
DT [oC]
N = 32
Baig et al., N = 24
Current model, N=24
Baig et al., N=32
Current model, N=32
N = 24 
D
  
165 
 
6.4. Results and Discussion 
 
6.4.1. Effect of increased TBT on OT-MSF performance. 
Figure 3 shows the variation of the performance ratio (PR) and the specific heat transfer area 
required (sA) when the TBT is increased by increasing the number of stages and keeping T and 
Tend fixed. Similar to the case study by El-Dessouky and Ettouney(104) considered in the validation 
section, the brine reject temperature is fixed at 40oC, seawater inlet temperature and mass flow 
rate are taken as 25oC and 3384 kg/s respectively, the steam temperature is kept 10oC above the 
TBT and a boiling point elevation of ~1oC is considered in the evaporators. Three values of inter-
stage temperature drop 2oC, 2.4oC and 3oC are considered for the parametric study. The figure 
shows that increasing the TBT has the effect of monotonically increasing the PR for all values of 
T used, over the given range of TBT considered.  The trend of variation of PR with TBT appears 
linear but is in fact non-linear, which becomes clear especially at temperatures beyond 150oC. 
Referring to Eqn. 6-13, the reason is that, although the variation of  with TBT is linear, the 
variation of  is non-linear, such that the slope increases with TBT (concave upward). The reason 
for such variation of  is further explained from Eqn. 6-1: the term is almost 
constant with increase in TBT while  varies non-linearly such that the slope decreases with 
increasing TBT (concave downward). Thus, since , its variation with TBT is also non-
linear, but with slope increasing with TBT (opposite curvature to variation of ). 
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Figure 6-3:  Effect of increasing TBT on the PR and sA by adjusting the number of stages when 
the brine reject temperature and T are fixed. It is seen that the PR increases almost linearly with 
increase in TBT while the sA decreases and its rate of decrease becomes smaller with increase in 
TBT.  
 
On the other hand, the sA monotonically decreases over the given range of TBT, but its rate of 
decrease is less as a higher TBT is approached. This trend in the sA is explained by the nature of 
variation of total area with increase in TBT. Although the distillate production increases linearly 
with TBT, the variation of total area with increase in TBT is not linear and there is a small increase 
in the slope of increase of the total area with TBT. This feature is attributed to the variation of 
LMTD with increase in TBT. 
At all values of T considered, the PR at a TBT of 160oC is ~6.67 (68% higher than that in the 
case study by El-Dessouky and Ettouney(104), which considered TBT = 106oC and N = 24) and 
the number of stages required is 60 and 50 for the lowest and highest T considered. Since a 
D
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different correlation for heat transfer coefficient (which can be extended to higher TBT) was used 
for the present work rather than that used in the work of El-Dessouky and Ettouney(104), the value 
of sA is significantly different from that reported in reference [6]. The correlation used by El-
Dessouky and Ettouney gives a value of overall heat transfer coefficient ~2000 W/m2-K over the 
range of temperature studied while the current correlations give a value of 3000-4500 W/m2-K 
depending on the stage of MSF considered. Furthermore, the upper limit of temperature for the 
heat transfer coefficient used by El-Dessouky and Ettouney is 110oC as per Appendix C in the 
reference (104). 
From an analysis of PR and sA, the overall recommendation referring to Fig. 3 is to operate the 
OT-MSF at an intermediate value of TBT so as to maximize PR such that increasing the TBT any 
further provides diminishing returns. Further, it is recommended to use the lowest value of T 
that will balance the trade-off between the negative aspects i.e. increased number of stages and 
lowered PR, with the beneficial aspect of the decreased sA requirement at lower T.  
6.4.2. Effect of reduced brine reject temperature on OT-MSF 
performance 
Figure 4 shows the effect of increasing the number of stages (N) at constant TBT and T on the 
PR and sA by adjusting the brine reject temperature Tend. TBT values of 120oC, 140oC and 160oC 
are considered and T is fixed at 2oC. At lower values of N the values of Tend are higher, which 
implies that a corresponding amount of thermal energy is rejected to the environment during brine 
rejection. If the number of stages is increased, this energy could be harnessed to increase distillate 
production and the brine would be rejected at a lower temperature. Such an increase in the 
number of stages provides the advantage of an increased performance ratio but requires increased 
specific heat transfer area. It is seen from Fig. 4 that at the lowest TBT of 120oC, decreasing the 
brine reject temperature from 38oC to 30oC increases the PR by almost threefold from 5.57 to 15.9, 
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the penalty being that the sA increases almost three times from 65.21 m2-s/kg to 181.17 m2-s/kg. 
The corresponding increase in number of stages is from 41 to 45. At the highest TBT of 160oC, 
the same drop in brine reject temperature causes, again, a threefold increase in PR from 7.8 to 21.8 
while the sA increases by a factor of three, from 61.66 m2-s/kg to 191.09 m2-s/kg. The number of 
stages increases from 61 to 65.   As seen from Fig. 4, at a higher TBT, for a given value of Tend, 
PR is higher. Furthermore, while at lower Tend, sA is highest for the highest TBT, the trend is 
inverted for higher Tend values.   
 
Figure 6-4: Variation of PR when brine reject temperature Tend is varied by adjusting the number 
of stages, keeping TBT and T fixed. It is seen that at a higher TBT, for a given value of Tend, PR 
is higher. While at lower Tend, sA is highest for the highest TBT, the trend is inverted for higher 
Tend values.  
 
Practically, Tend varies when seawater inlet temperature varies due to factors such as weather 
change. In areas of cooler weather, it would be beneficial to operate a larger number of stages and 
select an optimal value of TBT such that the sA requirement and increase in PR are balanced. A 
D
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larger number of stages for a given TBT will also allow the brine reject temperature to be as close 
to the environmental temperature as possible, while keeping T small. As mentioned in case 4.1, 
the T should be kept at an optimal value so that it is not too large to cause larger sA requirement 
but also large enough to not require too large a number of stages. In all cases, however, a significant 
improvement in PR is observed with increasing TBT while incurring a relatively small penalty in 
sA. This suggests that operation at higher TBT irrespective of environmental temperature is 
energetically favorable. 
6.4.3. Case Study: Effect of increased TBT on Sirte OT-MSF plant 
 
In light of the preceding discussions, the effect of increased TBT by adding stages is studied on an 
existing OT-MSF plant operating in Sirte. The OT-MSF system described by Tusel et al. (120), 
1994 has a TBT of 118oC with 39 stages, T = 2.07oC and operates at a PR of 10. As a starting 
point, the current operating condition of the Sirte plant is used to validate our model. Figure 5 
shows the anticipated change in its PR and required sA if the TBT is increased by increasing the 
number of stages, keeping the T and brine reject temperature fixed at the original values. As 
mentioned in section 6.4.1, although the PR increases monotonically with number of stages and 
hence TBT, the sA poses a restriction by showing a minimum at an intermediate value of TBT. 
The cause for this trend in the sA can be described similarly to that described in section 6.4.1 and 
is due to the non-linear variation of total area with TBT such that its slope increases with increase 
in TBT, hence forming an arc. Thus, the sA, defined as the ratio between total area and distillate 
production (which varies linearly with TBT) is non-linear and shows a minimum with TBT. As 
shown in Fig. 5, the red dotted line shows the current performance of the Sirte plant whereas the 
blue dotted line shows the predicted performance at a TBT of 161.6oC, when 60 stages are 
employed. At this TBT, the sA curve begins to rise and hence is a good choice of the optimal 
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operating point. Compared to the original operating conditions, the PR increased by 41.5% to 
14.64, while the sA requirement and steam mass flow rate increased by 0.9% and ~5% 
respectively.  These numbers indicate that the penalties of the increased TBT are relatively low 
and if the shift in the steam extraction point in the power plant is not problematic, operation at 
elevated TBT is shown to be advantageous. At 70 stages, where a TBT of 182.3oC is attained, 
although the PR has further increased to 16.52, the sA has increased by 5.7% compared to the 
current operating conditions. It is, however, worth keeping in mind that the heat exchanger tubes 
contribute to about 18% of plant capital cost (99), which would help in estimating the additional 
cost associated with increased number of stages. 
 
Figure 6-5. Variation of PR and required sA if the TBT of the Sirte plant is increased by 
increasing the number of stages, keeping the T and brine reject temperature fixed. The red 
dotted line represents the current performance of the plant, with a TBT of 118oC and 39 stages. 
The blue dotted line shows the predicted performance at a TBT of 161.6oC and 60 stages, at which 
D
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point the PR is increased by 41.5% compared to the current operation while the sA requirement 
increased by 0.9%, thereby showing that there is a possibility of increasing plant PR with a 
relatively small compromise in sA requirement.    
 
Figure 6-6 shows the effect of varying the brine reject temperature Tend on PR at fixed TBT and 
T, by adjusting the number of stages. At TBT=118oC i.e. the usual operating temperature of Sirte, 
decreasing Tend from 40oC to 32oC increased the PR almost 6 times while the required number of 
stages increased from 39 to 43. At a TBT of 160oC the increase in PR due to the same change in 
Tend was similar as that seen for TBT=118oC and the required number of stages increased from 60 
to 64. As mentioned previously, Tend is a function of inlet feed temperature, which depends on 
environmental temperature. Thus the study of the variation in Tend reflects the plant performance 
in different seasons or over the span of a day. The relatively small change in the required number 
of stages with change in Tend indicates that the number of operational effects does not need to be 
changed with seasonal or diurnal temperature variation for optimal plant performance at a given 
TBT. However, at par with the discussion in section 6.4.2, it is also seen that when Tend is lower, 
the sA is higher and increases rapidly with decreasing Tend, thereby indicating that at cooler 
weather conditions, the plant may not be able to operate optimally due to the increased heat 
exchange area requirement. 
D
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Figure 6-6: The effect of varying the brine reject temperature Tend on PR at fixed TBT and  T, 
by adjusting the number of stages.  
 
6.5. Chapter 6 conclusions 
The effect of increasing the top brine temperature (TBT) on the performance and design 
characteristics of an OT-MSF plant has been investigated by observing the performance ratio (PR) 
and the specific area requirement (sA) at higher TBT and also how these values change due to 
seasonal variation. The end goal is to determine whether an existing OT-MSF plant would perform 
better at higher TBT and to suggest changes in its design and operation by suggesting an optimal 
value of TBT and T within the constraints of environmental conditions. 
 The conclusions of the study are as follows: 
1. For a fixed inter-stage temperature drop T and brine reject temperature Tend, if number 
of stages N is increased, thereby increasing TBT, the performance ratio PR increases 
D
D
D
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monotonically with N (and hence TBT) whereas sA decreases such that beyond a certain 
value of TBT, the change in sA with TBT is negligibly small.  As seen in Fig. 6-5, if the 
TBT is allowed to increase even further, the sA will begin to increase again. Thus, an OT-
MSF plant should be operated at the optimal TBT where PR is high and sA is minimum. 
The inter-stage temperature drop must also be kept at an intermediate value, since at higher  
T, there is the penalty of higher sA, although it should not be too small in order to avoid 
a large number of stages required to attain the required TBT.  
2. When the TBT and T are fixed and the number of stages is increased to reduce Tend, the 
PR and sA are both found to increase sharply. It is seen that at a higher TBT, for a given 
value of Tend, N and PR are each higher. While at lower Tend, sA is highest for the highest 
TBT, the trend is inverted for higher Tend values.  Thus, for practical purposes, an 
intermediate value of TBT should be chosen so that the maximum advantage of increased 
PR can be taken without suffering a high penalty of increased specific area. Furthermore, 
for cooler regions, an OT-MSF plant should be designed consisting of a larger number of 
stages than usually used in hotter regions so that the T can be minimized and the brine 
reject temperature can be kept as close to the environmental temperature as possible. 
3. There is potential to improve the PR of the existing Sirte plant in Libya by increasing the 
TBT to 160oC, keeping all other operational conditions unchanged. At this TBT, PR is 
expected to increase by 41.5% from the existing value to 14.64, while the sA requirement 
increases by 0.9%, which is a relatively small penalty.  
 
 
 
D
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7. Thesis conclusions  
 
The major conclusions based on this thesis are as follows: 
1. Total ion transport and individual modes of transport in nanofiltration (NF) increase with 
increasing temperature.  
2. Membrane properties show clear trends of variation with temperature: pore size, net path 
length and magnitude of negative membrane charge increase with increase in temperature. 
These changes cumulatively affect permeate quality in NF significantly. At higher applied 
pressures, the net effect of membrane parameters increasingly dominates that of mobilities.  
3. Changes in membrane geometric properties at higher temperature lower permeate quality 
(increased permeate concentration) while change in membrane charge improves permeate 
quality. Therefore, for higher temperature applications, focus on restricting membrane 
restructuring is advisable.  
4. The selectivity between monovalent and multivalent ions deteriorates at higher 
temperature. This decrease in selectivity applies to all pairs of monovalent-multivalent 
species as long as the flux of the multivalent species is lower at the original temperature.  
5. Reverse osmosis (RO) and forward osmosis (FO) membranes can be modeled as porous. 
However, the key distinction between the two is in the presence of pressure-induced 
convective coupling in RO, which is absent in FO.  
6. The inclusion of NF as a pretreatment to thermal desalination, such as Multi-Stage-Flash 
(MSF) allows for increased energetic efficiency with relatively low increase in specific 
surface area (indicating plant capital costs) to the MSF plant.  
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Appendix A: Membrane structural parameters at 
different temperatures 
Membrane structural parameters at different temperatures from the fitting by Amar et al. (22):  
 
 
 
 
 
                                                                                                                                                                                                        
 
 
 
 
 
 
 
Parameter 
 
 
 
 
 
 
 
 
 [nm] 
 
 
[µm] 
 
(solute) 
 
 
[µm] 
(water) 
22oC 0.58 0.98 2.20 
40oC 0.59 0.46 2.11 
50oC 0.67 0.56 2.67 
 
Appendix B: Structural properties used for 
fractionation modeling 
Nanofiltration membrane structural change with temperature: 
 
As explained in detail in references  (57,65), membrane pore radius and the effective path length 
(tortuosity) through the membrane increase with increase in temperature. 
porer kA
xD
kA
xD
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Appendix C: Derivation of the boundary layer 
equation: 
The mass balance equation for external concentration polarization is given by Eq. C.1 (2,29): 𝐽q = −𝑘q±𝐶,q − 𝐶9,q² + 𝐽7𝐶,q − 𝑧q𝐶,q𝐷u,q 𝐹𝑅𝑇 𝜁 (C.1) 
 
In a salt containing two ions,  𝑧q𝐽q = 𝑧q𝐽q = 𝕁 (C.2) 
 
Multiplying Eq. C.1 for both ions by their respective valencies, 
 𝑧q𝐽q = −𝑧q𝑘q±𝐶,q − 𝐶9,q² + 𝑧q𝐽7𝐶,q − 𝑧q𝑧q𝐶,q𝐷u,q 𝐹𝑅𝑇 𝜁 (C.3a) 
 𝑧q𝐽q = −𝑧q𝑘q±𝐶,q − 𝐶9,q² + 𝑧q𝐽7𝐶,q − 𝑧q𝑧q𝐶,q𝐷u,q 𝐹𝑅𝑇 𝜁 (C.3b) 
 
Subtracting Eq. C.3b from C.3a, and using C.2, 
 −𝑧q𝑘q±𝐶,q − 𝐶9,q² + 𝑧q𝐽7𝐶,q − 𝑧q𝑧q𝐶,q𝐷u,q 𝐹𝑅𝑇 𝜁 + 𝑧q𝑘q±𝐶,q − 𝐶9,q²− 𝑧q𝐽7𝐶,q + 𝑧q𝑧q𝐶,q𝐷u,q 𝐹𝑅𝑇 𝜁 = 0 (C.4) 
 −𝑧q𝑘q±𝐶,q − 𝐶9,q² + 𝑧q𝐽7𝐶,q + 𝑧q𝑘q±𝐶,q − 𝐶9,q² − 𝑧q𝐽7𝐶,q+ 𝜁 𝐹𝑅𝑇 ±𝑧q𝑧q𝐶,q𝐷u,q − 𝑧q𝑧q𝐶,q𝐷u,q² = 0 (C.5) 
 
Similar to the relation between ion fluxes (Eq. C.2), the relationship between concentrations is 
given by: 
 𝑧q𝐶q = 𝑧q𝐶q = ℂ (C.6) 
 
Therefore, Eq. C.5 can be re-written as: 
 −±𝑘q, − 𝑘q,²±ℂ − ℂ9² = ℂ±𝑧q,𝐷u,q − 𝑧q,𝐷u,q² 𝐹𝑅𝑇 𝜁 (C.7) 
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⇒ 𝜁 = −±𝑘q, − 𝑘q,²±ℂ − ℂ9²ℂ±𝑧q,𝐷u,q − 𝑧q,𝐷u,q² 𝐹𝑅𝑇 (C.8) 
 
Substituting into Eq. C.3a, 𝕁 = −𝑘q±ℂ − ℂ9² + 𝐽7ℂ + 𝑧qℂ𝐷u,q 𝐹𝑅𝑇 ±𝑘q, − 𝑘q,²±ℂ − ℂ9²ℂ±𝑧q,𝐷u,q − 𝑧q,𝐷u,q² 𝐹𝑅𝑇 (C.9) 
 ⇒ 𝕁 = −𝑘q±ℂ − ℂ9² + 𝐽7ℂ + 𝑧q𝐷u,q ±𝑘q, − 𝑘q,²±ℂ − ℂ9²±𝑧q,𝐷u,q − 𝑧q,𝐷u,q²  (C.10) 
 ⇒ 𝕁 = −±𝑘q𝑧q𝐷q + 𝑘q𝑧q𝐷u,²±𝑧q,𝐷u,q − 𝑧q,𝐷u,q² ±ℂ − ℂ9² + 𝐽7ℂ (C.11) 
 ⇒ 𝕁 = −𝕂899±ℂ − ℂ9² + 𝐽7ℂ (C.12) 
 𝐽¦ is obtained by dividing 𝕁 by the larger ion valency,   ⇒ 𝐽¦ = −𝐾899(𝐶,¦ − 𝐶9,¦)+𝐽7𝐶,¦ (4-6a) 
 
 
Appendix D: Hindrance factors and steric partitioning 
factor 
 
Expressions for the diffusive and convective hindrance coefficients as a function of  JwJxyz{ are 
given below. For convenience, 𝜆q =  JwJxyz{ is used. The value of 𝑟.IJ8 is fixed from the RO fitting 
at 0.205 nm. 
 
For  (29), 
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The expression for the steric partitioning factor is given by: Φq = (1 − 𝜆q)		                                                                          (D.4) 
 
 
Appendix E: Procedure to fit membrane geometric 
parameters for RO and FO 
The fitting procedure for pore radius and effective active layer thickness in RO is described here. 
The experimental bulk feed concentration, bulk permeate concentration, water permeability, water 
flux and rejection ratio values are inputs to the fitting code. As mentioned in Section 5.3.1, the 
code is provided with a possible set of pore radius values and at each of these values, it calculates 
the extent of concentration polarization, and hence finds the effective pressure difference across 
the membrane. The optimal effective active layer thickness for a given pore radius is then 
calculated using the value of effective pressure difference thus obtained by rearranging Eq. 5-13a.  
In the current fitting method, the deviation between the model prediction and experimental values 
for solvent flux and rejection ratio is calculated using the absolute value of the fractional deviation, 
as in the following equations: 
𝑑8ö (𝜔) = 8ö÷øùúûü (ý)Ù8öúþÿ!ü8öúþÿ!ü  and			𝑑ËÂ (𝜔) = ËÂ,÷øùúûü (ý)ÙËÂ,úþÿ!üËÂ,úþÿ!ü ,                                                                                                                                                                                                                                                                                                                                                                    (E.1) 
and for  (29), 
                     
(D.2) 
For convection, the hindrance factor for 𝜆q ∈ [0, 1] is  (29): 
                   (D.3) 
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where 𝑑8ö (𝜔) and 𝑑ËÂ (𝜔) are the fractional deviations between the model prediction (at different 
values of the membrane parameter to be fitted, 𝜔, at each data point, 𝑘) and experimentally 
obtained values, for the rejection ratio (𝑅𝑒𝑗) and solvent flux (𝐽7) respectively. For the procedure 
to fit pore radius, 𝜔	represents pore radius. 
In general, the fractional deviation in the water flux and that of the rejection ratio could be different 
by an order of magnitude. Thus, adding the values of 𝑑8ö 	and 𝑑#$  as given by Eq. E.1 may not 
allow for both sets of error to be given equal weight in determining the optimal membrane 
parameter values. Indeed, if the fractional deviations for the rejection ratio and water flux are 
simply added together, a higher weight would be given to the quantity (rejection ratio or water 
flux) whose error magnitude is larger. To equalize the contributions of both the rejection ratio and 
water flux in minimizing the net error for each data point, the fractional deviation for each quantity 
is scaled by the mean value over all model runs (across the 𝑁 data points and 𝑁ý	values of pore 
radius (for the procedure to fit pore radius, 𝜔	represents pore radius).  	
𝑑8ö% (𝜔) = 𝑑8ö (𝜔)∑ 𝑑8ö,ý (𝜔)𝑁 × 𝑁ý  
                                                                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                                                                                                                     (E.2) 
	
𝑑ËÂ% (𝜔) = 𝑑ËÂ (𝜔)∑ 𝑑ËÂ (𝜔),ý𝑁 × 𝑁ý  
 
                                                                                 
                                                                            
                                                                       (E.3) 
The equations E.2. and E.3. represent two matrices, such that when the matrices are plotted as 
meshes, both lie within the same range and intersect. Due to the similar ranges of error values for 
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both rejection ratio and water flux, the fitting method ensures that the optimal pore radius gives 
the best possible fit with both water flux and rejection, over all data points. These normalized 
fractional deviations for rejection ratio and water flux, as given by Eqs. E.2 and E.3, respectively, 
are then summed to arrive at the final expression for the net error (net deviation), which is the 
objective function to be minimized (Eq. E.4). Further details of the fitting procedure is given in 
Reference (123) 	𝑑′(𝜔) = ∑ 𝑑8ö% (𝜔) +' 𝑑ËÂ%(𝜔).                                                                                                      (E.4) 
 
For fitting the support layer structural parameter, the solute and solvent fluxes in FO are used, 
instead of the rejection ratio and solvent flux as done for RO. However, the formulation of the 
error function is the same as shown above. 
Appendix F : Difference between effective diffusion 
and flow distances 
 
To illustrate why the effective length for solute diffusion and solvent flow might differ, a 
membrane with a pore network equivalent to a bundle of bent or angled tubes with length 𝜏𝛿 is 
considered. As in the Carman-Kozeny Equation (see Ref. (96)), the solvent flow rate per unit area 
through a bundle of tubes with tortuosity 𝜏 is proportional to 𝜏Ù: 
𝐽𝑤 =  𝑟𝑝𝑜𝑟𝑒2 𝜑8𝜈𝜌𝑤𝛿𝜏2 ~±𝑃𝑓 − 𝑃𝑝² −Δ𝜋.        (F.1) 
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Solvent flux is inversely proportional to the square of tortuosity because tortuosity affects both 
solvent flow speed in the pore and the length of the flow path. Equation 5-13c is equivalent to Eq. 
5-13a for the following definition of effective flow length:  
Δ𝑥𝑒𝑓𝑓,𝑓 = Ú)»æ .       (F.2) 
In a porous medium, the path length for diffusion is also increased relative to a uniform medium 
due to the convoluted structure of the free volume. Furthermore, the area for flow by diffusion is 
reduced compared to a uniform medium. As a result of these two effects, the effective length for 
solute diffusion through a bundle of tubes constituting a membrane with porosity 𝜑 and tortuosity 𝜏 is: 
Δ𝑥899,; = Ú)æ = Ê{òò,ò) .              (F.3) 
 
A bundle of tortuous tubes does not precisely align with the active layer geometry all FO or RO 
membranes. However, it does illustrate a limitation of the assumption that Δ𝑥899,9 = Δ𝑥899,; . In 
order to make a more general adaptation to the DSPM model, an effective thickness ratio 𝛩 is 
defined in Eq. F.4.: 
	𝛩 = Ê{òò,ò	Ê{òò,Ü	.             (F.4) 𝜏 and 𝛩 are equal in the bundle-of-tubes model, but real membranes are not bundles of tubes, so 𝛩 may be used to more generally capture differences between effective path lengths for diffusion 
and flow real membrane active layers. In Section 5.3.4, the effect of treating 𝛩 as an additional 
fitting parameter that accounts for the differing effect of membrane pore geometry on diffusion 
and flow will be explored. 
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Appendix G: Role of 𝑲𝒊,𝒅	to validate the FO model  
For the sake of completeness an attempt to validate with experimental FO data from Ref. (15) by 
refitting 𝐾q,;  must be discussed. An extensive number of trials were conducted to refit 𝐾q,;	when 𝐾q,: is fixed at values obtained from correlations (as presented in Table 5-4), and when both 𝐾q,: 
and 𝐾q,;  are refitted simultaneously, with no marked improvement. Furthermore, no physically 
plausible best-fit values for the 𝐾q,; exist other than those obtained from the correlation; in contrast, 
the finding of good agreement at 𝐾q,: = 0 aligns with the transition to SD theory. Finally, the 
successful validation of the model as shown in Section 5.3.5 using only a fitted value of  and a 
value of 𝐾q,:	as prescribed by the physics of FO indicates that the model can be very simply 
matched with experiments once the correct physics is accounted for. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
sL
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